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BSTRACT 

A preliminary design and supporting analysis is given for the wing leading 
edge of a NASA delta wing shuttle configuration employing oxidation inhibited 
R P P  a s  structure. 
shuttle vehicles, is specified for use in point design. Design criteria a r e  
provided and show that boost airload pressures,  half of which a r e  from venting 
lag,  a r e  critical for design. Maximum design radiation equilibrium temperature 
is 2740°F, a t  0 . 8 5  emittance. 
a r e  found to produce relatively small thermoelastic s t resses ,  primarily 
because of the low thermal expansion and low elastic modulus of R P P .  

A baseline geometry, representing one of the proposed 

Temperature gradients experienced during entry 

T143-5R-00124 

Coating development approaches and preliminary results a r e  presented. 
A diffusion coating employing constituents of alumina, silicon carbide, and 
silicon is selected for continued development. 
of hafnium and tantalum with 4000°F temperature capability is found to offer 
limited reuse capability when applied to R P P  that has not been densified. 

A melt impregnation coating 

NASA MSC NASA-MSC Number 
NAS9 - 112242. T- 143 BA MSC -0 2 5 57 

Trials  show that joining R P P  by bonding in the virgin state i s  promising 
and relatively high bond tensile strengths can be achieved. 

Studies of oxidation of the siliconized coating system in the entry 
environment show that if the boundary layer a i r  is  not dissociated, the resultant 
reaction of molecular constituents with the coating system should be orders  of 

I 
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magnitude less than achieved by plasma testing. 
boundary layer a i r  i s  dissociated, the low catalytic reaction r a t e  at  the 
surface of the coating can reduce surface temperature by hundreds of 
degrees and mass  loss  ra te  is reduced an order  of magnitude. 
concluded that cur ren t  plasma a r c  testing, controlled to a given temperature, 
is  conservative. 

Alternately, i f  the 

It i s  

Fatigue data demonstrates oxidation inhibited R P P  is highly resis tent  
Mechanical strength of the mater ia l  was obtained for  a to fatigue loading. 

wide range of properties and shows good strength capability over the full 
operating range. 

Two different leading edge configurations were  fabricated for test .  
represents  a wing tip region and has been tested by NASA-MSC in a plasma 
a r c  facility. The other configuration ( three were  fabricated) is 
a full scale  leading edge and approximates the s ize  of the root region on the 
cur ren t  expendable tank shuttle. 
the cr i t ical  boost p re s su re  loading and two were  subjected to the entry 
temperature  profile. 
anomaly. 

One 

One of these leading edges was tested to 

Both leading edges passed the tes ts  without failure o r  
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1 . 0  INTRODUCTION 

This report  summarizes  the technical work accomplished by 
the Vought Missiles and Space Company (VMSC) of LTV Aerospace 
Corporation under Phase  I1 of a two-phase program, "Development of 
a Thermal  Protection System for  the Wing of a Space Shuttle Vehicle", 
NASA-MSC Contract No. NAS9-11224, reference (1). The thermal  
protection system, directed toward application to the leading edge 
s t ructure  of the NASA Orbiter wing and ta i l  surfaces,  mus t  sustain 
multiple exposure to all environments through ear th  launch, orbital  
operation, entry and landing. 
edge design and mater ia l  system with 100-mission life capability, 
while withstanding a maximum temperature  level up to 4000OF. 

rest r ic ted to the oxidation resistant carbon-carbon reinforced pyrolyzed 
plastic ( R P P )  composites. 
potential for  long-term exposure in an oxidizing atmosphere at  tempera-  
tu res  exceeding the limits of coated metals.  
mater ia l s ,  comprised of graphite cloth and carbon binder, offer low 

temperatures .  
effort included consideration of a l l  aspects of design, fabrication, and 
inspection relative to real is t ic  flight hardware. 

The goal w a s  toachieve a reliable leading 

Thermal  protection system development in this program was 

This c lass  of mater ia ls  has shown the 

In addition, the substrate 

density (90 lb/ft  3 ) with good strength (15000 ps i  flexure) a t  operational 

In addition to the mater ia ls  development ask, the program 

Phase  I consisted of Materials Development and Design Synthesis 
tasks.  
inhibitor and substrate  materials, the integration and fabrication of these 
into R P P  composites, and the testing and subsequent modification of these 
composites to develop a system( s) potentially suitable for the Orbiter 
wing leading edge application. Design Synthesis was devoted to the 
generation of design concepts, the analysis of these concepts to determine 
best approaches, and the establishment of mater ia ls  property perfor - 
mance goals and mater ia l  s t ructural  composite configurations. 
I portion of the program was completed in Februa ry  1971. 

Materials Development was concerned with the selection of candidate 

The Phase  

Phase  II consisted of three major tasks:  (1) Materials Evaluation, 
(2 )  Design Synthesis and ( 3 )  Prototype Leading Edge design and fabrication. 
Materials Evaluation was devoted to the continued development of the 
oxidation inhibited carbon-carbon systems,  selected f r o m  the Phase  I 
program, and the gathering of preliminary design data for the selected 
siliconized WCA cloth mater ia l  system. 

Design Synthesis was directed toward the preliminary design 
and thermal / s t ruc tura l  analysis of a practical  leading edge concept for the 



delta wing Orbiter.  
wing vehicle leading edge; however, with the NASA selection of the 
high c ross  range delta wing Orbiter configuration, emphasis on this 
program was shifted accordingly. 

The Phase  I program concentrated on the straight 

Prototype leading edge design and fabrication demonstrated 
the ability to fabricate full scale  leading edge segments that withstood 
the cr i t ical  design boost p re s su re  and entry thermoelastic s t r e s s  
conditions. In additioc, two smal l  leading edge assemblies were  fabri -  
cated for  testing in  a NASA-MSC plasma a r c  facility. 

The interrelationship of the various program tasks is i l lustrated 
by the task flow in F igure  1-1. 
during the Phase  I1 program a r e  summarized a s  follows: 

Significant accomplishments achieved 

(1)  The leading edge design was fur ther  simplified by removal  
of re turn  flanges on the r ibs  and elimination of intercostals.  

(2 )  Improvement of the siliconized coating system was obtained 
which produced higher strengths and reduced substrate  oxidation. Mech- 
anical propert ies  throughout the operating temperature  range were  found 
to be high and fatigue strength i s  outstanding. 

( 3 )  A deeper understanding of the factors  affecting coating 
performance has  been obtained. 
of start ing ingredients, cleanliness of furnace environments, t ime/  
temperature  relationships, and re tor t  design. 

These include such items as the quality 

(4) Bonding potential was  established for  use in attaching 
secondary s t ructure ,  and RPP rivet application was demonstrated to 
design flexibility. 

add 

( 5 )  Fabrication capability was confirmed with three full scale  
coated leading edge assemblies  complete with bonded and riveted trailing 
edge seal s t r ips  and curved sea l  s t r ips .  

( 6 )  Adequacy of the design and hardware to withstand the 
cr i t ical  load and thermal  s t r e s s  environments was demonstrated by tes t  
of No failure o r  anomalies were  
ob s e r ve d. 

full scale leading edge assemblies .  

(7) Fabricability d smal l  units was  also proven when two 
assemblies representing wing t ip regions w e r e  fabricated for NASA test .  

(8 )  It was demonstrated by plasma a r c  and thermal/oxidation 
cycling tes ts  that the coated R P P  mater ia l  can meet  the 100-mission 
capability for  Phase I1 requirements f rom both coating erosion and strength 
standpoints. 
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While considerable progress  was made in Phase 11, there  
Among these a re :  a r e  a r e a s  of importance requiring increased emphasis. 

( 1) Procurement  of specification controlled coating mater ia ls .  

( 2 )  Establishment of the t rue  state of the boundary layer a i r  
during entry, be it predominately molecular o r  mainly atomic, and 
attainment of mater ia l  performance data in the cor rec t  environment. 

( 3 )  Improvement of the bonding technique to completely 
eliminate debonding t endencies. 

(4) Refinement of fabrication techniques to improve corner  
molding and reduce restraint  tooling. 

( 5 )  Examination of thicker laminates to determine capabilities 
and provide flexibility to the designer. 

(6) Fur ther  refinement of the coating/substrate sys tem to 
reduce coating crazing. 

4 



2 . 0  SUMMARY 

This program is concerned with the development of an oxidation 
inhibited carbon-carbon leading edge suitable for  the wing of a Space Shuttle 
vehicle. It is being conducted in three phases. 
pleted in February,  1971, sought to develop a mater ia l  system(s)  and 
design concept that could be employed on a straight wing, short  range 
shuttle and meet  a 100-mis sion life requirement. Phase 11, which i s  
documented herein, refined the leading edge design concept for the high 
c r o s s  range delta winged vehicle, fabricated and tested representative 
full scale leading edge segments, and further developed the coated RPP 
mater ia l  system. 
in an effort to achieve a one mission return capability in the event of 
coating failure, prove the feasibility of fabricating such a concept by 
producing full  scale  coated leading edge segments, and fur ther  refine 
the coating sys tem to achieve improved uniformity and reproducibility. 
In addition, Phase  LU will  expand the systems aspect of the leading edge 
and address  the heat shield insulation design to protect wing s t ructure ,  
having a 350°F limitation. (This requirement is m o r e  stringent than in 
PhaseII,  where a 650°F limit was imposed on wing structure).  

Phase  I, which was com- 

Phase I11 will examine thicker laminate leading edges 

The approach taken in this technology program was to channel 
materials development along those avenues having direct  application to 
the leading edge baseline design and design criteria. This had the advan- 
tage of narrowing the mater ia ls  activity within performance bounds per t i -  
nent to the Shuttle to achieve m o r e  rapid development. 

The p r imary  objectives of the Phase  11 program were  to: 

(1) Develop a prel iminary design for the wing leading edge 
of a high c r o s s  range delta winged Orbiter.  

( 2 )  Develop physical and mechanical property data for  the 
baseline mater ia l  system for  use in preliminary designs 
and evaluations. 

(3)  Demonstrate by full  scale a r t ic le  fabrication and tes t  
the feasibility of the design and ma te r i a l  system to 
meet  the s t ructural  requirements of the Orbiter.  

End products of this study include the following: 

(1)  Material  property data covering a spectrum of 
mechanical, physical, and thermal  performance over 
the applicable temperature range ( -250°F to 3000'F) 
of the coated mater ia l  system. 

, ( 2 )  Typical strength data for  lug, tension-angle, bonded, 
and R P P  riveted joints. 



( 3 )  Pre l iminary  and Prototype leading edge designs. 

(4) Three  full scale Prototype leading edge assemblies ,  
complete with trailing edge and between-segment sea l  
s t r ips .  One assembly was delivered to NASA-MSC. 

( 5 )  Ful l  scale  demonstration tes t s  and data covering 
maximum boost load and entry thermal  s t r e s s  conditions. 

( 6 )  Two wing tip panels, one ba re  and one coated, for  
NASA-MSC plasma a r c  tests.  

Since Phase  I represented the point of departure for Phase  11, 
a brief summary  of the Phase  I program is given below. 
by a summary  of Phase  I1 activities. 

This is followed 

Phase  I - A variety of design concepts was examined in 
Phase  I including sandwich o r  solid laminate configurations, multi-layered 
designs with replaceable components, those involving multiple r ibs  o r  
intercostals,  and those using t russed  ribs.  
mented solid laminate leading edge configuration, employing stiffening r ib s  
a t  the edges of each segment, offered the greatest  advantages of all 
concepts considered. This type of design permi ts  the use  of thicker, s t ronger  
laminates, promotes internal c r o s s  radiation to reduce stagnation tempera ture  
and increasedmission life, and presents  a ra ther  simple design concept 
( reference 2 ) .  

It was concluded that a seg- 

Materials investigations in Phase  I were  divided into two 
categories:  substrates  and coatings, with the final t es t  of feasibility 
being their  combined performance a s  a mater ia l s  system. 
investigations included evaluation of carbon and graphite filaments 
and cloths with high and low elastic moduli. 
experienced with the high modulus fiber laminates, and carbon cloth 
showed poor strength in  the coated condition compared to graphite 
cloth. Only two substrate mater ia l s  showed acceptable and equal pe r -  
formance, WCA graphite cloth and Kreha KGF-200 fibers.  
WCA mater ia l  was controlled by specifiation and was in a fo rm (cloth) 
more  suitable to leading edge fabrication, fur ther  work baselined the WCA 
substrate.  

Substrate 

Delamination was 

Because the 

Phase  I coatings activity involved evaluation of carbides and 
oxides of a number of metals  applied by diffusion coating, chemical 
vapor deposition (CVD), plasma spray  overlay, mixing with the res in  
during laminate fabrication (add-mix), and cer ta in  combinations of 
these. 
and the CVD coating tes t  resu l t s  indicated insufficient temperature  o r  

Overlay coatings were  found to be limited to one o r  two missions 
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mission life capability. The add-mix systems were  plagued with-'low 
interlaminar strength and poor oxidation resis tance unless combined 
with an outer layer of diffusion coating. 
on the diffusion coating system primari ly  because i t  offered the best 
plasma a r c  tes t  performance, the highest strength, and the least  com- 
plexity. However, another coating system was examined briefly that showed 
promise of multimission capability in the 4000°F surface temperature  
region. 
further examined in Phase 11. However, i t  was found to have reuse  
capability limited to about five missions because of coating crumble and 
was therefore not pursued beyond plasma a r c  test  evaluation. 

VMSC elected to concentrate 

This was a hafnium. tantalum melt  impregnation coating that was 

Two diffusion coatings emerged f rom Phase  I with the potential 
These were  the zirconium. boron' silicon 

The silicon system showed outstanding 
of satisfying shuttle requirements.  
(ZBS) system and the silicon system. 
high temperature  (3000'F) oxidation resis tance of the coating but suffered 
f rom poor substrate  oxidation protection. 
insensitive to oxidation attack of the substrate  but coating erosion resis tance 
was only half that of the siliconized coating. 
by being a m o r e  complex system, requiring two separate  coating processes .  
Reproducibility was therefore a potential problem. 

The ZBS coating by contra.st was 

Fur ther ,  i t  was handicapped 

Phase  II - Each of these diffusion systems were  examined in 
Phase  I1 until it became clear  that one of them could be brought to fruition 
for  the Shuttle application. 
ingredients and good process  control, high temperature  performance could 
be retained, while subsurface oxidation could be retarded on the siliconized 
coating to the point where 100 mission life appeared feasible for  the Phase  I1 
design requirements.  
coating. 

Data showed that with the proper  start ing 

Fur the r  study was therefore concentrated on the silicon 

Component fabrication was a significant feature  of the Phase 
Three  full s ize  leading edge segments were  successfully 

One was tested to the c r i t i ca l  a i r  load condition and two were  
I1 program. 
fabricated,  
subjected to the entry temperature  environment without failure. Fabrication 
established that sound and warp-free leading edge segments can be produced 
for  the shuttle. In addition, two smal le r  wing tip models were  produced for 
NASA test .  The ability to fabricate and coat such large,  sophisticated, and 
s t ructural ly  sound R P P  components is considered a milestone in coated 
carbon -carbon technology . F ur  t her demonstration of fabric at  ion capability 
was exemplified by two coated R P P  fuselage panel assemblies,  produced 
under contract to North American Rockwell ( reference 9) .  After successfully 
completing 100 cycles of a typical t ime/ temperature  profile simulating entry, 
one of these panels was tested to ultimate load without failure. 
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This section of the report  summar izes  the resu l t s  of the 
Phase I1 program and presents  significant findings covering design, 
fabrication, tes t ,  and mater ia l s  performance. Substantiating detail  
and background data will  be found in the design discussion of Section 
3.0, mater ia l s  development activities in Section 4.0, evaluation of the 
selected baseline ma te r i a l  sys tem in Section 5.0,  NDE and Inspection 
Studies in Section 6.0,  and finally, in Section 7 .0  the fabrication and 
tes t  efforts on the Prototype leading edges and wing tip panels a r e  
document e d. 

2 . 1  LEADING EDGE DESIGN 

Phase  I1 design activities centered on the detail design of the 
R P P  portion of the leading edge and the means by which i t  would be 
supported by the wing box s t ructure .  Analyses were  conducted to define 
tempera ture  levels of wing support fittings and the insulating heat shield 
to  determine the reasonableness of their  requirements.  Phase  I11 will  
analyze these elements in  m o r e  detail and tes t  representat ive designs. 

Design - The Preliminary design of a typical leading edge is 
shown in F igu re  2-1. 
is  s imi la r  in  concept to the Pre l iminary  design but with 15 in. ra ther  
than 30 in. span to conform to cur ren t  VMSC coating facility s ize  l imita- 
tions. Prototype leading edges are  pictured in F igures  2-2, 2 - 3  and 2 -4  
before coating, after coating and following boost p r e s s u r e  and entry 
tempera ture  tes t s .  
edge segments are the resu l t  of subsequent charr ing of s t ra in  gages.)  
The design follows closely that established during Phase  I ( re ference  2) 
except that it has been simplified by removing re turn  flanges on the r ib s  
and by eliminating intercostals .  
favorably curved geometry and 50% lower p r e s s u r e s  compared to the Phase  I 
design. 
integrally fabricated r ib s  and trailing edge c r o s s  beams. 
edge "TI' Section sea l  s t r ips  to overlap the adjacent RSI panels a r e  bonded 
and riveted with R P P  r ivets  to  the basic s t ructure .  A curved "T" section 
sea l  s t r ip  closes the expansion gap between leading edge segments and 
blocks direct  flow of boundary layer  a i r  into the leading edge cavity. The 
adequacy of the sea l  s t r ip  design will be evaluated by plasma tes t  in 
Phase  III. 

A Prototype design, which was fabricated and tested,  

(In F igure  2-4 the dark spots on one of the leading 

This was permit ted because of the m o r e  

The concept fea tures  a solid laminate construction with 
Trail ing 

Each leading edge segment is supported at  the corners  by 
single bolt lug attachments. 
adjacent segments a s  well  a s  the curved sea l  s t r ip .  One side of each 
segment is anchored against side movement while the opposite side is 
f r e e  to slide on the lug bolt to accommodate thermal  expansion. This 
concept was successfully denionstrated by the entry temperature  tes t  

Metal wing support fittings a r e  shared  by 
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FIGURE 2-2 PROTOTYPE LEADING EDGE SEGMENTS PRIOR TO COATING 
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of two adjacent Prototype leading edge segments (Figures  2 - 3  and 2 -4 ) .  
The lug bolt and fittings a r e  protected thermally by wrapping the insula- 
tion blanket around each joint to block direct radiation f rom the skin. 
Conduction through the R P P  r ib  lug is sufficiently low that lug bolt 
temperature  can be maintained below 1200°F, an acceptable level for 
superalloys. 
with a thermal  test  of the joint. 

Verification of this design will be established in Phase 111 

With a 2800°F ( € = .80)  stagnation temperature  it has been 
computed that the combined effects of internal c ros s  radiation and an 0 . 8 5  
emittance (used for  preliminary analysis) reduces the stagnation tempera-  
tu re  to 2600'F. 
realizable with the higher 0 .90  emittance more  recently measured on the 
siliconized R P P  and low catalytic effects. (Low catalycity i s  a property of 
the coated R P P  mater ia l  system that prevents recombination of dissociated 
flow at the surface of the mater ia l  and resul ts  in a lower heating ra te  being 
imposed to the leading edge.) Insulations such a s  Dynaflex o r  RSI meet the 
heatshield temperature  requirements,  although perhaps not for a 100 mission 
service life. 

A further reduction of over one hundred degrees i s  

Analysis - The Prototype leading edge was fully analyzed using 
the NASTRAN finite element computer routine for  cr i t ical  airloads and 
thermoelastic s t resses :  a thermal  electrical  analogy technique computed 
temperature  distribution: and a finite element approach was employed for 
vibration response. 

A weight optimization study, conducted to determine the optimum 
segment span for  a Pre l iminary  design, showed the minimum weight to occur 
at  30 in. span, including nonoptimum effects of the curved sea l  s t r ips  and 
1 lb allowance for fastener hardware. 
F igure  2-5,  indicates that a n  increase of l e s s  than 0. 1 lb/ft  
f o r  span variations of - t 10 in. 
that optimum span wi l l  ultimately be selected on the basis of cost o r  
fabricability, ra ther  than weight alone. 

Weight variation with span, shown in 
2 is  realized 

With this moderate penalty it appears 

The Prototype design, which was based on somewhat different 
loads, design allowables, and thickness l imits than those used for the 
weight optimization study and Pre l iminary  design, was calculated to 
weigh less  than 2 lb/ft  
tributions f rom the seal  s t r ip ,  but excluding attachment hardware.  
remains in the same range a s  computed for the Phase  I design. 
weight of a leading edge segment after coating was 7 .  2 lb, while s ea l  
s t r ips  weigh 0 . 9  lb each. 

2 of wetted external surface a rea ,  including con- 
This 

Measured 
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Three  15 in. span Prototype design segments were fabricated 
and tested in this phase. 
15 in. span configuration. Design cr i te r ia  were documented by report  
( reference 3 )  and approved by NASA-MSC. 
during boost, when a venting lag of 1.0 psi  limit i s  assumed. 
produces differential design burst  p ressures  on the lower surface of the 
leading edge of 3 . 7  p s i  ultimate and 4.0 psi  ultimate on the upper surface. 
Maximum collapse p re s su re  in the stagnation region i s  2.8 psi  ultimate, 
but this i s  calculated to be not cri t ical .  
occurs during boost i s  32  GRMS applied at  the lugs in each axis ,  
entry t ra jectory employed in analyses was the North American Rockwell 
trajectory KO. 935, which produces a pezk radiatian equi1ibriuAx. tempera- 
ture for  the baseline airfoil section of 2800°F ( € = 0.80), and remains 
at  this maximum level for about 15 minutes. 
of 400 ,000  ft until the leading edge temperature is reduced to 1000°F is 
40 minutes. 

Analyses were,  therefore concentrated on the 

Cri t ical  design loads occur 
This 

The vibration design level which 
The 

Entry t ime f rom an altitude 

Selected maximum s t r e s ses  f rom boost p re s su re  airload 
analysis computed for  the Prototype leading edge design, and associated 
ultimate margins  of safety based on the latest  mater ia ls  data, a r e  
summarized in  F igure  2 - 6 .  
on the r ibs ,  where tension and compression values a r e  570 and 1370 
respectively. All other margins  a r e  high because of other factors  
contributing to design, such a s  minimum thickness allowance o r  
deflection l imits.  

Minimum calculated margins  a r e  found 

Comparative stress data, obtained f rom the boost p re s su re  
- t es t  of a Prototype leading edge segment, are i l lustrated in F igure  2-7 .  
The NASTRAN analysis is seen to predict the tensile s t r e s s e s  accurately 
but compression s t r e s ses  a r e  overstated, possibly because of assumptions 
regarding effective skin mater ia l  acting with the rib.  
improved with a different modeling approach. 

This can be 

Deflection measurements  made during test  a r e  shown in F igure  
2-8. Rib deflection is greater  and panel deflection lower than computed. 
Apparently the "picture f r ame"  effect of the r ibs  and c ross  beams cause 
the skin panel to operate m o r e  efficiently by carrying a greater  propor- 
tion of the load a s  membrane s t r e s s ,  ra ther  than bending. 

Vibration analysis indicates that s t r e s ses  f r o m  this load 
condition will be reasonably low by comparison to static s t r e s ses  f rom 
the boost phase. Maximum values of rib and beam s t r e s ses ,  shown in 
F igure  2-9,  a r e  only 1500 psi. 
was computed for the lower lug f rom spanwise vibration ( Y  load), i t  i s  
believed that this is more  a result  of modeling, ra ther  than an actual 
s t r e s s .  

While a local bending s t r e s s  of 4400 psi  

In any event the local nature of this s t r e s s  means that i t  can be 
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readily lowered with insignificant weight penalty. 
s t r e s ses  shown a r e  one-sigma values. 
sigma s t r e s ses ,  which a r e  double those on Figure 2-9,  a r e  normally 
employed. 
no problem because of the outstanding fatigue properties of coated R P P .  

The vibration 
F o r  fatigue analysis two- 

As will be seen fatigue s t r e s ses  in the 3000 psi  should pose 

Thermal  s t r e s ses  induced in the leading edge during entry 
were of concern because of the rather  severe  gradients around the leading 
edge during entry a s  i l lustrated in Figure 2-10. The radiation equili- 
brium temperature  distribution produces a temperature gradient around 
the skin at  the stagnation point of 513OF/in. However, internal c r o s s  
radiation analysis predicts a 5370 reduction in this region to 241°F/in. 
Actually, with c r o s s  radiation a maximum gradient of 325OF/in. i s  
computed on the leeward side in the region of the r e a r  beam and i s  due 
to the heat sink effect of the beam and trailing edge sea l  s t r ip  a s  well a s  
the insulation, which blocks c ros s  radiation heat f rom the hotter regions. 

With these thermal  gradients and those computed for the 
r ibs  a NASTRAN thermoelastic analysis was conducted for the two worst  
conditions. The f i r s t  condition occurs during heatup, 230 sec after 
entry, where maximum temperature  gradients are experienced by the 
ribs. 
provided at  the lugs prevents this and resul ts  in tensile s t r e s ses  being 
induced in the outstanding leg of the r ibs .  
condition occurs when the leading edge reaches maximum temperature.  
Under these conditions temperature  gradients in the r ibs  a r e  minimal; 
however, with the entire leading edge expanding but constrained at  the 
cool lug supports, significant compression s t r e s ses  a r e  developed in the 
outstanding leg of the r ibs .  Maximum skin gradients a r e  encountered 
for  the second condition but these were  found to produce rather  smal l  
thermoelastic s t r e s s e s  in the skins. 

These gradients tend to close the r ib  section but the res t ra in t  

The second and most cr i t ical  

A summary of maximum thermal  s t r e s ses  computed for the 
two conditions is given in Figure 2-11. 
i s  a relatively low value of 2570 psi  (compared with an allowable of around 
11,000 psi  a t  these temperatures)  and the maximum tensile s t r e s s  is 
s t i l l  lower a t  1100 psi. Skin s t r e s ses  a r e  shown to be insignificantly 
low. 

Maximum compression s t r e s s  

Two of the leading edge segments were  tested together to a 
t ime-temperature profile simulating one entry. 
temperature  tes t  was to demonstrate that the Prototype leading edges 
would survive the thermal  s t r e s s  conditions without failure. Strain 
measuring techniques could not be employed because of the high tempera-  
tu re  and inaccessibility of the leading edges in the test  facility. 

The purpose of the entry 

Therefore,  
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the tes t  was essentially "go,no-go". 
tes t  i s  in the t ime-temperature profile achieved versus  that predicted. 
This comparison is i l lustrated on Figure 2-12. 
occur when the stagnation temperature reaches 1500°F and the t ime when 
maximum steady state temperatures a r e  reached. 
tions were  adequately satisfied by the test. 
observed. 

A measure  of the accuracy of the 

The two cr i t ical  periods 

Each of these condi- 
No failures o r  damage were 

In addition to the temperature gradients computed for the 
thermal  s t r e s s  analysis the joint region was examined thermally to 
ascertair, lug joint insulation requirements. 
tabulated in F igure  2-13 for  three different conditions. 
c r i te r ia  permitted the wing s t ructure  to which the bracket attaches to 
reach 650°F. 
It is apparent f rom the calculated temperatures  that the lug bolt can be 
maintained below 1200°F (acceptable for super alloys) and the wing 
s t ructure  limited to 650°F for the Prototype design, where the bolt i s  
2 . 7  in. f rom the skin compared to the 2 .0  in. and 3. 3 in. dimensions 
analyzed. 
bolt temperatures  a s  the R P P  conduction path is shortened. 
that the key to joint thermal  protection is the soft insulation wrapping 
around the joint to protect against direct  radiation f rom the skin. 

Results a r e  
Phase II design 

(This requirement will be reduced to 350°F in Phase 111). 

Note in F igure  2-13 that there  is a modest change to the 
It appears 

Even when the hard insulators are removed f rom around 
the bolt, bolt temperature  remains reasonable, but a greater  burden is 
placed on insulation that must  be placed between the bracket and the wing 
s t ructure .  
hard insulators a t  the lug joint will be required. These can also function 
a s  bushings, where drilling on assembly is necessary for leading edge 
ins tallation on the vehicle. 

Thus it appears that for  the future 350°F wing s t ructure  limit, 

Based on s t ructural / thermal  analyses and the supporting tes t  
data, the Prototype leading edge design appears  to be a viable approach 
for the shuttle. 

2 . 2  MATERIALS DEVELOPMENT 

Materials activities in Phase  I1 were concentrated on both 
facets of the mater ia l  system,each interrelated: ( 1 )  Phase I coating 
systems performance improvement, and ( 2 )  WCA laminate refinement to 
provide a more  compatible base for the coating. The coating task investi- 
gated both of the diffusion coatings f rom Phase I ( reference 2)  until evidence 
was found that the siliconized coating modifications could cu re  the deficiencies 
of the Phase  I M30 siliconized coating system. 
boron- silicon system did not materialize and i t  was discontinued when 

Improvements to the zirconium' 
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the siliconized sys tem showed promise of meeting the 100-mission 
requirement. The Phase I hafnium. tantalum melt impregnation coating 
that permitted 4000°F operating temperature was also studied fur ther  
to determine techniques for  impregnating various conditions of R P P  
(i. e . ,  R P P - 0  through R P P - 3 )  but plasma tes ts  showed a life limit of 
only 5 o r  6 high 
the coating was experienced. Because of this, investigation of this 
system was limited to plasma tes t  evaluation only. 

c r o s s  range missions before excessive crumbling of 

Laminate studies were concerned with densification of the 
surface and modification of the expansion character is t ics  to more  
closely match those of the coating, and reduce coating crazing which has 
been observed on most  par t s .  However, resul ts  of these investigations 
were  inconclusive because of inordinately deep coating penetration, and 
therefore  additional activity along this line of investigation i s  planned for 
Phase 111. It should be noted, however, that crazed mater ia l  tes ts  demon- 
s t ra te  that strength and oxidation resistance for 100 -missions can be 
satisfied with the current  mater ia l  system. 

The siliconized coating system applied to  W C A  graphite cloth 
laminate was selected for  development on the basis of the coating's high 
temperature  oxidation resistance,  good sys tem strength, and the promise 
of satisfactory substrate  oxidation protection to meet  the 100 mission 
service life goal without significant ( <1570) strength degradation. The 
baseline silicon coating i s  diffused into the laminate by the pack cemen- 
tation process .  
10% alumina, 60% silicon carbide,  and 3070 silicon. Coating is conducted 
at  about 3100°F for a nominal period of 2 1 / 2  hours,  the exact conditions 
being governed by the particular par t  to be coated. 
0 . 0 2 0  in. was the goal, 0.010 in. of which is assumed the allowance for 
oxidation in service before par t  replacement. 
because it has been demonstrated that greater  coating thicknesses can be 
obtained. This means that grea te r  recession allowance and mission life 
can be increased a s  required. However, the 0 .020  in. thick coating was 
found to satisfy Phase 11 design cr i ter ia .  

The pack consists of a mixture of powders containing 

A coating depth of 

This i s  somewhat a rb i t r a ry  

In order  to gain good m a s s  loss ra te  performance in plasma 
a r c  testing the coating was post heat treated to 3200-3400°F. 
strength loss in the as-fabricated condition occurred due to heat treating 
but plasma performance was enhanced by a factor of five, while subsurface 
oxidation resis tance (based on strength reduction data) was degraded by 
about 3070 a s  determined by furnace tes ts .  However, 100-mission thermal /  
oxidation tes ts  proved the heat treated mater ia l  to have little o r  no strength 
loss af ter  exposure. 

Little 
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Recent but limited data indicates that heat treating may  not be 
required fo r  high temperature performance if processing is  modified 
slightly and all  of the factors  involved with the coating process  a r e  adequately 
controlled. 
obtained on heat t rea ted  material. 

However, the design strength data reported in this phase w e r e  

Considerable knowledge has been gained regarding the 
fac tors  that control coating performance and reproducibility. 
include types of start ing mater ia l s ,  furnace control,  r e to r t  design, 
r e to r t  packing techniques, and t ime/ temperature  prof i les ,  Desirable 
fea tures  for  each of these fac tors  have been established and a re  discussed 
in detail  in Section 4.3. 
material and process  tolerance limits and their control to consistently 
produce quality coatings. 

These 

However, far ther  work is required to establish 

Mechanical, physical and thermal  performance of the 
baseline 10/60/30 siliconized coated sys tem w e r e  obtained in Phase  I1 
and a r e  summar ized  below i n  Table 2-1. 

TABLE 2 - 1  

Proper ty  

ROOM TEMPERATURE STRENGTH 
COATED R P P  

13 PLY LAMINATES 
Average Tes t  :::Revised Design 
Value, PSI Value, PSI 

Flexure  Warp  14200 
Fill 12200 

T ens ion Warp 8 500 
Fill 4500 

C ompr e s s Warp 11500 
Fill 11000 

Shear  W a r p  3800 
Fill 3900 

Bearing Warp 13500 
Fill 13800 

9600 
8 130 

5680 
3000 

7670 
7340 

2530 
2600 

9000 
9200 

Inter lam Shear 2200 1470 
Tens 400 2 70 

:+ Revised Design Value = Average - 1. 5 
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Mechanical property data was obtained on coated R P P  over 
the temperature  range of -250°F to 3000OF. 
values for 13 ply laminates a r e  l isted in Table 2 - 1 .  
and shear  (in plane) were tested by Southern Research  Institute (SRI). 
Bearing and inplane shear  tes t s  were conducted by VMSC. Strengths 
obtained a r e  reasonably high and resu l t  in  light weight designs ( 2  lb/ft  ).  
These data show a substantial improvement over the Phase I data 
( reference 2 ) ,  where strength measurements were  made only on coated 
13 ply flexure ba r s  in the warp direction. The comparison i s  indicated 
below in Table 2-2. 

Typical room tempera ture  
A l l  but the bearing 

2 

Phase  I Phase  11 

Typical Scat ter  Typic a1 Scat ter  

TABLE 2-2  

t 

FLEXURE STRENGTH 13 PLY LAMINATES - WARP 
DIRECTION ROOM TEMPERATURE 

610- - 14000 ps i  I 10710 psi 14200 ps i  14050 - 15010 ps i  

Note that the sca t te r  has  been reduced considerably, most ly  through a 
bet ter  
bet ter  coating uniformity. 

understanding of furnace control and r e to r t  design to achieve 

Assuming a 3370 strength reduction to account for data sca t te r  
and serv ice  life strength loss, prel iminary design values shown in Table 
2-1 were  obtained for  computation of the margins of safety for  the Pro to-  
type design noted on F igu re  2-6.  
f i rmed by a s ta t is t ical  analysis of f lexure strength data compiled on 53 
specimens f rom 17 different coating runs.  
9570 confidence strength value to be 3370 below the mean. 

This reduction has recently been con- 

This showed the 99% probability, 

Strength variation with tempera ture  (F igure  2 -  14) shows all 
propert ies  except compression in the f i l l  direction a r e  equal to o r  higher 
than the room tempera ture  strength. 
that the compression-fi l l  anomaly is either the resul t  of tes t  technique 
o r  the individual group of specimens tested. Note that the low strength 
problem encountered at  1500°F in the Phase  I program ( re ference  2)  no 
longer exis ts  and all ,  but inter laminar  shear  and the compression-fi l l  
anomaly already cited, exhibit higher strength at  1500 F than at  room 
temperature .  

The preponderance of data suggests 

0 

Elast ic  modulus data (F igure  2-15) shows reasonable design 
values which in general  increase  with tempera ture  to 2500°F and then 
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break over to a reduced value at  3000'F. 
break i s  not c lear ;  however, bare  mater ia l  exhibits the same charac te r -  
is t ic .  Thermal  s t r e s s  calculations have included these temperature  effects, 
and show that increased stiffness obtained above room temperature is not 
detrimental. 

Fatigue strength for coated R P P  is outstanding and even af ter  
two-million cycles of load at  substantial s t r e s s  levels the static tes t  data 
showed that the strength of the mater ia l  was not degraded. 
strength was obtained for  tension, flexure, inplane shear ,  interlaminar 
shear  and interlaminar tension. Both warp and f i l l  direction propert ies  
were  examined. Data is  shown in F igures  2-16, 2-17 and 2-18. Applied 
s t r e s s  levels were well above anticipated limit design s t r e s s  levels 
which a r e  indicated by the symbol on the figures.  Prel iminary endurance 
l imits are indicated by the limit level lines on the figures. The transit ion 
between one-cycle (static strength) and the endurance limit is undefined but 
is represented by a dashed line. 
millions of cycles and ear ly  failure was found to be rather abrupt a s  load 
was increased. 
than tes t  endurance l imits,  this sensitivity to load level becomes unim- 
portant. Several specimens which had not failed during fatigue cycling 
were  static tes ted to failure to ascer ta in  fatigue damage. Results,  l isted 
in  Table 2-3 ,  show no degradation within reasonable data scat ter  and 
only one specimen shows a lower value than typical static strength values 
( reference Table 2-1). (Note that a load ratio R = -1 indicates reversed  
loading while R = 0 indicates s t r e s s  is var ied between zero  and maximum). 

The reason for the 2500°F 

Fatigue 

Transit ion between no failure for  

Since applied s t r e s s  levels in practice will be much lower 

TABLE 2-3  

STATIC STRENGTH AFTER FATIGUE CYCLING 

Fatigue Load 
S t r e s s  ~ O F U L T  Applied Load Ratio Static Fail ing 

Specimen Loading PSI Cycles R Strength, PSI 

F -8 F lexur e 5710 40 2.43 x 10 -1 19000 6 

F -9 F lexure  5710 40 2.50 x 10 -1 20700 6 

-1 19600 F - 4  F lexur e 5710 40 2.49 x 10 

F-19 Flexure  8570 60 3 .  32 x l o 6  -1 19800 

s -8 Inplane 2720 70 - 2 .33  x 10 0 3630 

6 

6 

Shear 

T L  - / 1  Interlam 280 70 1.74 x 10 0 702 
6 

Tens 

T L  - / 2  Interlam 280 70 2.45 x 10 0 725 
6 

Tens 
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It is concluded f rom the fatigue tes t  program that fatigue 
will not be a problem for the leading edge and fruthermore it appears 
that realist ic fatigue s t r e s s  levels will not resul t  in degraded static 
strength at the conclusion of the service life of the leading edge. 

Joint tes ts  werea l so  performed in this phase to gather 
sufficient data to obtain a "feel" for the design l imits with coated R P P .  
Lug joints representative of the Prel iminary and Prototype design,tension- 
angle joints, bonded joints, and riveted joints were  examined experimentally. 
A l l  but the tension-angle joint is emplojred on the Prototype design. Tension- 
angle data was obtained to offer the designer some flexibility in conceptual 
design with possible application to fuselage panels o r  vertical  ta i l  leading 
edges. 

Lug tes t s  using a 0.75 dia. pin and 13-ply c r o s s  ply laminates 
produced fai lures  ranging f rom 484 lb to 603 lb depending upon the direc-  

indicates that lug design with coated R P P  is s imi la r  to sand casting 
design in terms of strength reduction factors.  
excess  of the 266 lb. ultimate applied lug load for the Prototype design. 

tion of loading. Load direction was axial, t ransverse,  and 45 0 . Data 

Failing loads a r e  far in  

Bonded joints, wherein the par t s  a r e  bonded in the as-molded 
s ta te  and subsequently pyrolyzed and strengthened by the reimpregnation 
approach, produced s t r eng ths appr oa c hing inter laminar tens ion s t r  eng th. 
This technique was employed in  the attachment of trailing edge sea l  s t r ips  
to the Prototype leading edge segments and intercostals to the wing tip 
panels. Bond tensile strength averaging 472 psi  and bond single lap shear  
strength of 792 psi  were  obtained. 
significant joint rotation,which i s  typical of single lap specimens,and induced 
tensile stresses,believed to be responsible for the low shear  values. 
strength in the 2000 ps i  region should be possible with double lap specimens,  
and would be adequate for design. 

Lap shear  tes ts  were  accompanied by 

Shear 

Riveted joints were  tested to establish the strength potential 
of r ivets fabricated f r o m  R P P .  
molded condition and then pyrolyzed and strengthened. 
squeezed into place while in the uncured condition. 
strength over 1100 ps i  and double lap shear  strength of 2000 ps i  were  
obtained. Tensile strength over 1100 ps i  was also measured. These 
values a r e  believed suitable f o r  the leading edge application, where 
rivets a r e  used only in conjunction with a bonded joint. 
clamp the bonded joint during processing and act a s  a peel stopper in the 
event of bond separation in service.  

These joints were  riveted in the a s -  
The rivet is 

Single lap shear  

They serve  to 

Tension-angle data gathered on joints employing 1 / 4  in. dia. 
tension bolts and 0.24 in. thick coated R P P  produced failing strengths 
between 450 and 640 lb. depending upon the washer used with the bolt. 
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Considerable deflection of the R P P  angle was noted during tes t  which 
tended to concentrate the s t r e s s e s  close to the bolt so  that the effective 
width of the angle was perhaps a s  smal l  a s  one inch. 

Physical  property data was obtained on coated R P P  over a 
tempera ture  range f rom -250°F to 3000°F. 
measured was emittance, which showed ra ther  high values a s  noted on 
F igu re  2-19. 
2800OF) emittance is  above 0 . 9  a s  measured by SRI. 
in  lowering operating temperature  and extending mission life. 
tivity was measured  both in  the plane of the laminate (warp direction) and 
normal  to the laminate. Values were  lower than anticipated but sufficiently high to 
cause no the rma l  s t r e s s  problems. At 2500°F for  example, inplane 
conductivity was 102 BTU-in/ft-hr -?I? and conductivity normal  to the 
laminate was 47 BTU-in/ft-hr-OF. Specific heat values were  normal  for  
this ma te r i a l  and followed the predicted t rend very  closely, varying f r o m  
0.18 BTU/lb/OF a t  room tempera ture  to 0 . 4 1  BTU/lb OF at  2500'F. 

The most important property 

In the region of maximum r e u s e  surface tempera ture  (2500- 
This i s  beneficial 

Conduc- 

1 .o UNCERTAINTY a I 8  
52 .g 

3 2  
Zt 
ak 

e .8 

TEMPERATURE, O F  

FIGURE 2-19 EMITTANCE 

The low thermoelastic s t r e s s e s  computed for  coated R P P  
a r e  largely a function of the low thermal  expans'on. 
for  example, expansion values of 
were  measured. This, coupled with a fa i r ly  low elast ic  modulus, produces 
s m a l l  thermal  s t ra ins .  

In the warp  direction 
in/in/'F through 3000°F -k 1.7 x 10 

One of the main aspects  of the coated R P P  system i s  i t ' s  r euse  
capability in the entry environment. 
established by one of two failure mechanisms: 
which will ultimately lead to exposure of the b a r e  substrate  and then rapid 
oxidation and ( 2 )  subsurface oxidation caused by oxygen diffusing through 
the coating to attack the  bare  substrate  beneath. 

Mission life of the coated R P P  i s  
( 1)  Coating oxidation/erosion 

This can result  in either lowered 
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strength or  loss of the coating bond or  both. 
been used to establish coating erosion life, while thermal/oxidation 
cycling in a molecular environment w a s  employed to determine 
capability of the system to survive 100 missions without ser ious 
strength loss f rom subsurface attack. 
a r c  (atomic environment) conditions has also been performed to 
determine differences between atomic and molecular constituents on 
coating and subsurface attack. 

P lasma a r c  test  data has  

Long t e r m  exposure in plasma 

P la sma  a r c  coating mass  loss data converted to the standard 
presentation of m a s s  loss ra te  divided by heat t ransfer  coefficient is  shown 
in Figure 2-20. 
r i thmic function of m a s s  loss with temperature.  This curve was generated 
f rom cumulative average mass loss data for eleven specimens over four 
temperature  regions with exposure up to five hours on a given sample 
in the VMSC 180-KW plasma a rc .  
in  F igure  2-21. Note that at  low heat flux ra tes  m a s s  gains a r e  obtained and i t  i s  
only after severa l  hours exposure that a steady state m a s s  loss r a t e  
condition i s  established. 
optimistic a t  low temperature  because insufficient tes t  t ime was involved. 
At the higher heat f l u x  conditions stabilization occurs  sooner. The ear l ie r  
non l inearity is believed due to the establishment of a thin silica layer which 

The curve indicates ra ther  small  data scatter and a loga- 

Typical cumulative m a s s  loss data i s  shown 

This t rend tended to make the Phase  I data too 

eventually reaches an equilibrium condition between buildup and removal. 
This si l ica layer i s  believed responsible for the low catalytic behavior of 
the coating. 

Utilizing the m a s s  loss r a t e  data generated by tes t ,  mission 
life of the mater ia l  system was computed (Figure 2-22)  for  various assump- 
tions of effectiveness of factors  controlling surface temperature.  The 
mission life calculations in F igure  2-22 a r e  based on high c r o s s  range 
missions and a r e  plotted against radiation equilibrium temperature  a t  the 
stagnation point for  an emittance of 0 .8 .  
incorporate in them the effect of having an actual measured  coating emittance 
of 0.9.  The most optimistic curve includes both internal c ros s  radiation 
relief (150'F) and low catalycity effects (250OF)  and assumes  for  the 0.020 
in. thick coating that only half of i t  i s  consumed before leading edge segment 
replacement. Under these conditions a 100 mission life can be obtained with 
a computed peak radiation equilibrium temperature  of 3070'F. On the other 
hand, if no temperature  relief is assumed, which i s  the most  pessimistic 
and unrealistic assumption that can be made, a maximum radiation equili- 
br ium value of on1 
This is ra ised 150 F to a value of 28400F with the c ros s  radiation effect 
included . 

The mission life curves,  however, 

2690°F can be tolerated to achieve 100 missions.  x 
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The latest  information on shuttle design indicates that leading 
edge tempera tures  will be higher than the 2800°F ( Q  = 0 . 8 )  design c r i t e r i a  
for  Phase  I1 and that a value a s  high a s  3000 'F ( € = 0 . 8 )  i s  warranted.  
This, as noted on Figure  2-22, will require  a 0. 05  in. thick coating ( i f  
no catalycity relief i s  assumed) with replacement required after 0. 04 in. 
i s  consumed. 
must  increase  to retain good s t ruc tura l  propert ies  if  the coating depth i s  
increased. 
Coating run M103, given in Appendix A, is an  example. 

Development tes t  data has shown that subs t ra te  thickness 

Coating thickness in this range is pract ical  and has been produced. 

The catalycity work was extended in Phase I1 to obtain a bet ter  
understanding of the nature  of the phenomenon. Calculations made on the 
delta wing vehicle, assuming inviscid equilibrium flow, show a tempera ture  
reduction of 250 F over radiation equilibrium values a s  alluded to above. 
More recent  calculations, however, made since the conclusion of the 
contractual effort, suggest that for  the invicid non-equilibrium flow condi- 
tions l e s s  dissociation is expected for  the shuttle and a reduction of a t  least  
70°F i s  m o r e  real is t ic .  However, this will be grea te r  when viscous flow 
effects a r e  considered. Thus,  initial calculations appear optimistic, but 
on the other hand all plasma a r c  data is  conservative because it i s  obtained 
in  a highly dissociated flow. 

0 

F r o m  tes t s  conducted by outside sources  and VMSC it  has  been 
demonstrated that a t  r euse  surface temperatures  a molecular environment 
is o r d e r s  of magnitude l e s s  reactive with the coating than the atomic 
environment of a plasma a rc .  F o r  example, 60 cycle exposure (45 hours)  
to a simulated entry environment peaking a t  2600°F produced no measurable  
coating recess ion  in a molecular environment, while 7.2 hours in  a plasma 
a r c  a t  the same  tempera ture  produced 0 .0  19 in. erosion. 
that m o r e  real is t ic  and consistent evaluation c r i t e r i a  be established to 
determine the t rue  life of the coating. 
t reatment  of the coating will not be required to meet mission l i fe  requi re -  
ments if the environment i s  either predominately molecular o r ,  if low 
catalytic effects can be included in coating evaluation. 
subsurface oxidation mission life beyond the 100-mission requirement.  
heat t reated and non heat t rea ted  ma te r i a l  were  evaluated for 100 miss ion  
life in a thermal/oxidation environment to establish mission life capability 
and quantitative differences between the two processes .  
discus sed below. 

It is mandatory 

It may well be that post coating heat 

This could improve 
Both 

Results a r e  

Thermal/oxidation testing was conducted in a flowing nitrogen/ 

The t ime/ tempera ture  profile simula- 
oxygen environment with the par t ia l  p r e s s u r e  of the molecular oxygen 
maintained to average flight levels. 
ted entry conditions with a peak tempera ture  of 2600°F maintained for  15  
minutes and a total cycle t ime of 4 5  minutes. A total of 100 missions 
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(cycles) were imposed on the test  specimens. 
obtained by VMSC on heat treated mater ia l  ranged between 12400 ps i  and 
15800 psi  with the mean at  14100 psi. 
treated mater ia l  averaged 15900 psi  with the scat ter  falling between 14100 
ps i  and 16900 psi .  
on as-fabricated heat t reated mater ia l  (Table 2-1) was 14200 psi. 
indicates that l i t t le or  no reduction in strength sho'uld be realized for the 
100-mission service life of the leading edge. 

Resultant flexure strengths 

Comparison data on non heat 

By contrast ,  average flexure strength obtained by SRI 
This 

Thickness changes, following 100-mission exposure in the 
molecular oxygen environment, varied between to. 004 in. and -0 .003  in. 
This is within the estimated accuracy of measurement s o  i t  i s  concluded 
that essentially no surface recession was experienced. 

2 . 3  FABRICATION 

Fabricability of coated R P P  components has been clearly 
demonstrated in Phase  II, and in  a companion program under contract to 
North American Rockwell to produce Shuttle fuselage panels. 
period of t ime three full scale Prototype leading edge assemblies were  
fabricated and coated (Figures  2-3 and 2-4 show 
two wing t ip panels were  fabricated, one of which was coated (F igure  
2-23);  and two fuselage panels were  fabricated and coated (Figure 2-24). 
Each of these units were  held within allowable tolerances and none 
exhibited warpage or  other gross  defects during fabrication that would 
have precluded their us eability. 

During this 

two of the coated units);  

R P P  components a r e  molded and cured much like fiberglass 
Pyrolysis  requires  graphite restraining fixtures to prevent warpage par ts .  

of the par t s  a s  they undergo a slight thickness shrinkage. No res t ra in t  
tooling was used during coating, yet a l l  par t s  retained their  shape well 
without warpage. 

None of the large par t s  were  particularly difficult to fabricate 
and no delaminations were  experienced. 
presented problems due to the restr ic ted access  to the interior for 
debulking. 
repaired with res in  injection. 
tion techniques can be made, the experience gained in the fabrication of 
these components establishes the fact that quality R P P  hardware can be 
made for the Shuttle. 

Only the smal l  wing tip panels 

One of these experienced partial  delamination but this was 
While improvements in tooling and fabrica-  

The s t ructural  integrity of these components was established 
by both loads and thermoelastic tes ts .  
tested to the maximum limit airload condition and two leading edges and 
sea l  s t r ip  were  assembled together in an entry temperature  tes t .  

A Prototype leading edge was 

No  
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FIGURE 2-23 COATED WING TIP PANEL 
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damage o r  failure was incurred in either test. 
tested a belly panel assembly to 100 cycles of a simulated high c ross  
range entry mission and then loaded the panel to ultimate s t r e s s  ( I .  4 x limit 
load) without failure o r  damage. The wing tip panels were  tested by 
NASA-MSC in a 10-MW plasma a r c  facility. 
has been subjected to 18 separate  exposures (2.6 hours) representing 27 
equivalent missions,  at  surface stagnation temperatures  of between 2700°F 
and 2800'F. 
testing i s  anticipated. 

North American Rockwell 

The coated wing tip panel 

Coating recession was negligible and, therefore, additional 

The successful fabrication and tes t  p rograms for this hardware 
should promote high confidence in the ability of coated R P P  to meet  Shuttle 
requirements.  

2 . 4  CONCLUSIONS 

The following summary  conclusions a r e  drawn f rom the work 
conducted during this study. 

(1) The siliconized R P P  sys tem was demonstrated by tes t  to 
satisfy the representative Shuttle design requirements  of 
Phase  11. 

(2 )  The siliconized R P P  sys tem has been found to be the best 
sys tem examined. 

( 3 )  Coated R P P  strength i s  adequate fo r  lightweight and 
reliable leading edge designs. 
have been observed. 

No low strength regions 

(4) Fatigue properties of coated R P P  exceed design require-  
ments and based on tes t  data, degradation following flight 
level cyclic s t r e s ses  for  the service life of the mater ia l  
should be negligible. 

(5) A 100 mission life of the coating and substrate can be 
achieved fo r  the Phase 11 design and environment. 

( 6 )  Coating oxidation/erosion i s  highly dependent upon the 
condition of the boundary layer a i r .  If dissociated, low 
catalycity and lower temperatures  will prevail. 
molecular, low oxidation rates  will exist. 

If 
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(7) Fabrication of coated R P P  components of good quality 
can be accomplished and with good tolerance control. 

(8) Leading edges, fabricated f r o m  coated R P P  and meeting 
Phase  II requirements can be designed to weigh approxi- 
mately 2 lb/ft2 of surface a rea .  

(9) The hafnium-tantalum coating system has limited mission 
life (approximately 5 missions)  even though i t  can operate 
a t  surface temperatures  in the 3500°F to 4000°F range. 
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3.0 DESIGN SYNTHESIS 

Design synthesis in Phase  I1 has been directed toward r e -  
examination and revision of the Phase  I leading edge concept, because 
of the NASA change of emphasis f r o m  the straight wing to the delta 
winged vehicle. 
has  a shor te r  chord than the straight wing vehicle, and by virtue of the 
60° sweep back angle both airload p res su res  and tempera tures  a r e  
reduced. These benefits resu l t  in  a m o r e  simplified leading edge design, 
because intercostals a r e  no longer required to stiffen the a i r  load panels, 
and re turn  flanges on the r ib s  can be eliminated. 
lower fabrication costs,  and increased reliability. Optimum leading edge 
unit weight for  a 30 in. segment span remains at 1.8 lb/ft , the s a m e  a s  
computed in Phase  I and includes an allowance for  fas teners ,  insulators,  
and a s e a l  s t r ip  between leading edge segments. 
facility limitations, the prototype leading edges were  designed for 15 in. 
wide segments. 
optimum span. 

The delta wing leading edge geometry is deeper but 

This should resul t  in  

2 

Because of coating 

Unit weight did not exceed 2.0 lb/ft2 even with this non- 

Design, s t ructural ,  and thermal  analyses,  conducted to establish 
and support the prel iminary and prototype leading edge designs, are 
summar ized  in this section. All analyses were  based on the North 
American R ockwell (NAR) SSV- 16 1C vehicle configuration, environmental 
conditions, and flight profiles. Adequacy of the design was demonstrated 
by p r e s s u r e  testing one of the full scale prototype leading edges and 
subjecting two leading edge segments to the entry temperature  profile. 

3.1 DESIGN CRITERIA 

Design c r i t e r i a  were  specified by Reference ( 3 )  to provide 
consistent and realistic requirements  for the design and evaluation of 
leading edge ma te r i a l  and concepts. 
are provided herein. 
used in Phase  I; however, revised aerodynamic and thermal  environments, 
References (4) and ( 5 ) ,  were  obtained f r o m  NAR f o r  the high L / D  Delta 
Wing Orbi ter ,  SSV-l61C, to replace the Phase  I design c r i te r ia ,  which 
w e r e  f o r  the low L / D  straight wing vehicle. 

Significant aspects of the criteria 
Much of the design c r i t e r i a  is identical to that 

A baseline airfoil  section at 7570 exposed semi-span, measured  
f r o m  the fuselage intersection, was selected for design and analysis 
because (1) it was in the region of maximum interference heating for the 
noted delta wing vehicle, (2 )  the selected section was of sufficient s ize  
to ensure  that design, thermal,  and s t ruc tura l  analyses are meaningful, 
( 3 )  root and midspan leading edge geometry were  not significantly la rger ,  
as shown in F igure  3-1, (4) the c r o s s  sectional shape and s ize  were  such 
that full  scale  prototype units could be built in Phase  I1 with cur ren t  
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FIGURE 3-1 WING LEADING EDGE SECTION COMPARISON 
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coating facil i t ies,  and (5 )  designs, mater ia ls ,  and analytical techniques 
developed at  the 7570 span section should be readily scaleable to other 
span locations. Current  Shuttle configurations a r e  smal le r  than the SSV- 
161C vehicle so  that the selected baseline geometry is now m o r e  r ep re -  
senatative of the wing root region. 

The baseline airfoil  geometry i s  a s  follows: 

NASA 00 12-64 airfoi l  section 
Chord Length = 310 inches 
F ron t  Beam = 2 4  inches aft, measured  normal  to leading edge 

Leading Edge Sweep Angle = 600 
Local  Incidence Angle = -5' 

sweep 

Baseline geometry, cut normal  to the leading edge sweepline, is 

The delta wing leading edge is deeper but 
shown in F igu re  3-2 and i s  compared with the Phase  I baseline geometry 
for  the straight wing vehicle. 
has  a shor te r  chord and la rge  nose radius than the corresponding straight 
wing leading edge. , Upper and lower surface R P P  t r i m  lines were  
established by NAR f r o m  wing isotherms and represent  the selected 
transit ion f r o m  R P P  leading edge segments to wing panel TPS, 

Ultimate fac tors  of safety of 1.4 f o r  boost and orbit  conditions, 
and 1.5 for  entry, a i rc raf t  flight, and landing were  used for  design and 
a r e  in accordance with Phase B shuttle contractor c r i te r ia .  These fac tors  
were  assumed applicable for  either mechanical s t r e s s e s  imposed f r o m  a i r  
and iner t ia  loads, o r  thermoelastic s t r e s s e s  when acting independently. 
NASA-MSC c r i t e r i a  for  combining these sources  of s t r e s s  is a s  follows, 
although combined conditions have not been found to be cri t ical .  

"LM + K " ~ ~  21.35 

where 

LM + OLT 
10 = algegraic sum of u 

K = 1.0 i f  s t r e s s e s  are subtractive 

K = 1.5 if  s t r e s s e s  a r e  additive 

= Limit Mechanical S t r e s s  
OLM 

= Limit Thermal  S t r e s s  
OLT 

41 



FIGURE 3-2 LEADING EDGE GEOMETRY PHASE I VS PHASE II COMPARISON 
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Margins of safety required at  joints were  established to be 15% and 5030 
f o r  shear  and tension joints, respectively. 

Design t ra jector ies  obtained f rom reference 4 a r e  given in F igures  
3 - 3  and 3 - 4  for  boost and entry, respectively. The high c ross  range entry 
t ra jectory is NAR's No. 9 3 5  for the SSV-161C vehicle, which produces 
maximum total  heat load and for  the leading edge, maximum heating r a t e  
as well. Design p res su res  and temperatures  a r e  based on these trajectories.  

The cr i t ical  design conditions resul t  f r o m  airloads encountered at  
Limit airloads for  design a r e  maximum dynamic p res su re  during boost. 

shown in F igure  3-5  for  two angles of attack at  maximum dynamic pressure .  
Initially, burst  p re s su re  of 1. 5 psi  was assumed to account for venting lag 
and resulted in maximum local p re s su re  of 3 . 4  psi limit. NASA-MSC 
subsequently revised the design venting p res su re  lag to 1.0 ps i  for  the 
prototype leading edge design, which reduced maximum limit p re s su res  
by 0 . 5  psi. The final p re s su res  a r e  shown in F igure  3-5 .  

Airloads experienced during entry and subsonic c ru ise  maneuvers 
a r e  shown on Figures  3-6  and 3-7,  respectively. 
are  for  high angle of attack while temperature  is  relatively high. 
produces only 0.2 psi pressure 'different ia l  on the flat  a r e a  of the lower 
panel if internal p re s su re  is assumed a t  ambient. However NASA-MSC 
requi res  that these p re s su re  loads be increased - t 0 . 5  psi to account for  the 
uncertainty in accurately predicting p res su re  differentials. 
increased p res su re  loading, the condition is not cr i t ical  for  design. 

The entry p re s su re  loads 
This 

Even with the 

Maximum cru ise  condition airloads,  given on Figure  3-7,are based 
on maneuver analysis of reference ( 5 )  and a r e  for  a limit load factor of 
2 . 5  g. Assuming ambient internal conditions, peak p res su re  differential 
on the flat  area of the lower panel is only 0. 15 psi  limit, but, a s  for  the 
entry condition, these were  increased by 0 . 5  psi. However, this 
condition is not critical. 

Entry conditions produce the highest temperature  and steepest  
thermal  gradients around the leading edge. The local design heat f l u x  
ratio around the leading edge is presented in F igure  3-8 .  
c r o s s  radiation temperature  distribution, computed using an emittance of 
0 . 8 5  and NAR maximum heat load t ra jectory No. 935 ,  is given in Figure  
3-9 ,  and is discussed in Section 3 . 4 . 2 .  

The correspording 

The highest dynamic loads occur during boost at  maximum dynamic 

An rms value of 32G acting in each of the mutually perpendicular 
Analysis showed this condition to be cr i t ical  only for 

The maximum acoustic environment of 163 db 

pressure .  
3-10 .  
axes is indicated. 
a local a r ea  of a lug. 

The design spectral  vibration environment is shown in  F igure  
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overall  sound p res su re  level can also be experienced during boost. 
However, this should be less  cr i t ical  than the 32 GRMS vibration input 
and was not analyzed. 

Significant changes between Phase I and Phase  II Leading Edge 
programs are summarized in Table 3-1 to enable a comparison of Phase  
I and Phase  I1 results.  

These design c r i te r ia  provided requirements for  the design of 
leading edge concepts, which are discussed in the following paragraphs. 

3 .2  DESIGN CONCEPT 

The basic design concept for  the leading edge, shown in F igure  
3-11, is the same  as that developed in Phase I. Essentially, i t  consists 
of multiple segments fabricated a s  solid laminates with integrally formed 
r ibs  a t  the edges of each panel segment. F o u r  lug type joints t ie  to the 
wing support structure.  The thin solid laminate design and heatshield 
location promotes internal thermal  c ros s  radiation to reduce both peak 
stagnation temperature  (by 148OF) and thermal  grad ien ts / s t resses  (by 
37%). The upper surface chord is abbreviated to reduce R P P  weight, and 
m o r e  importantly, to provide access to the internal heatshield and t ie  
down bolts without having to provide entry through the main wing box. 
Gaps between adjacent leading edge segments are covered by a 'IT" 
section seal strip.  
boundary layer gases  into the leading edge'cavity. 
conducted to establish firm sealing requirements,  or  gap allowances, and 
establish acceptability of the proposed design. 
III . 

This sea l  approach is designed to reduce flow of 
Tes ts  must  be 

These a r e  planned for  Phase  

Structural  analysis showed that for  the lower p re s su re  loads 
experienced by the delta winged vehicle compared to the straight winged 
vehicle, i t  was feasible, by thickening the lower surface skin slightly, 
to remove the intercostals used in the Phase I concept design (Reference 2) .  
While this may result  in a smal l  weight penalty, i t  is believed to be m o r e  
than offset by increased reliability and reduced costs anticipated through 
the elimination of intercostals either integrally formed o r  bonded to the 
skin panel. The lower design loads have also permitted removal of the 
re turn  flange on the airload r ibs  that was believed necessary  in the Phase  
I design. This modification improves fabricability, simplifies tooling and 
should result  in reduced costs. 

The preliminary design for  the delta wing vehicle leading edge 
(Figure 3-11) is segmented to provide expansion gaps for  relief of thermal  
stresses that would result f rom differential expansion of the hot leading 
edge and cool wing structure.  Each segment is comprised of five 
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TABLE 3-1 

CHANGES BETWEEN PHASE I AND PHASE I1 DESIGN CRITERIA 

Effect on Leading 
I tem Phase  I P h a s e  I1 Edge Design 

Vehicle Straight Delta Wing, a )  Longer duration 
Wing, Low L / D  High L / D  of maximum 

temperatures  

b) Increased 
insulation 
r e qui r ement s 

c )  Reduced 
a e r  o dynamic 
loads 

d) Decreased 
geometry 
variations 
along span 

Design, 25% Exposed 7570 Exposed a )  Structurally m o r e  
Wing Semi-span, 30 S emi-Span, 1 5 efficient 
Location in. chord in. chord b)  Simplified 

design 

Boost Vent 0 psi  
P r e s  s u r e  

None 0-1 .0  psi  burst  
(venting lag) 

Boost 5 . 9  psi  limit 2 .9  psi  limit Reduced airloads,  
P r e s s u r e  (includes venting and thus weight, 

lag) even though a venting 
lag has been added. 

Random 6 . 3  g RMS 32  g RMS May be significant 
Vibration only to lug region. 
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integrally fabricated s t ructural  elements; airload panel, two r ibs  with 
integral attachment lugs, and an upper and lower c ros s  beam at the 
aft edges of the airload panel. 
airload panel against possible flutter,  reduce airload panel thickness and 
weight, and stiffen the lug regions for  side load. 
shown in Figure 3-11 is typical of support s t ructure  that could be employed 
to attach the leading edge to the wing. 
basic integrally fabricated s t ructural  elements i s  i l lustrated by the design 
shown in Figure 3-12. 

These c ros s  beams serve  to support the 

Wing interface geometry 

Details of the cloth layup for the 

Seperate "floating" seal  s t r ips  cover the gap between leading edge 
segments and prevent the direct  flow of boundary layer a i r  into the leading 
edge cavity. 
each leading edge segment. There  a r e  a number of advantages to this 
approach, among them being: (1)  fabrication costs a r e  minimized by not 
having to fabricate the seal  s t r ip  integrally with the panel, ( 2 )  cost of 
bonding and riveting a separately fabricated sea l  s t r ip  to a leading edge 
segment is eliminated, (3 )  reliability should be increased by elimination 
of a bond joint, (4) the strength of the skin panel r ib  flange radius i s  not 
degraded by using some of the plies to fo rm an integrally fabricated seal ,  
(5) i t  is believed that the floating sea l  would be more  compliant to 
differential deflections of adjacent sections, thus improving sealing, and 
( 6 )  the sea l  s t r ip  could be designed a s  a retainer s t r ap  to provide some 
degree of redundant support to a leading edge segment in the event of lug 
failure o r  r ib  cracking. 
to- t ransfer  load f rom the damaged segment to an adjacent segment. 

The seal s t r ips  a r e  anchored to the same fittings that support 

This would be accomplished by using the sea l  

Trailing edge seals  to overlap the thermal  protection system behind 
the leading edge segments a r e  shown a s  an alternate approach if sealing 
becomes necessary at  this point. 
sections and a r e  subsequently bonded and riveted to the leading edge panel, 
whil e in the as -molded state. 
during further processing and act to prevent o r  terminate peeling in  the 
event of bond failure. Fabrication feasibility has been demonstrated on 
the prototype leading edges, although additional development i s  believed 
required to produce a bond f r ee  from possible delamination. 

These seals  a r e  fabricated a s  "T" 

The rivets serve to hold the seal  in place 

As indicated above, the design concept of the leading edge permits  
This integral  fabrication of ribs and c ross  beams with the airload panel. 

ensures  that transfer of load f rom the skin panel to r ibs  o r  beams i s  
through the continuity of each ply rather  than through a seperate joint. 
This should enhance reliability and reduce cost. 
requirements between upper and lower skin panels a r e  accommodated by 
cutting a 'kindow" in several  plies where reduced thickness i s  permissible 
a t  the upper surface. 

Differences in thickness 
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The inboard lugs of each leading edge segment a r e  fixed against 
side movement, while the outboard lugs a r e  free to slide on the insulators 
to accommodate thermal  expansion. The thickened lug a r e a s  together with 
stiffened beam and r ib  intersections prevent rolling or  jamming of the lug 
during thermal  expansion. Fur ther ,  very  high margins  a r e  designed into 
the lugs to enhance reliability. The seal s t r ip  i s  trapped against the fixed 
lug of each leading edge segment and is not f ree  to move spanwise. 
noted previously, this can be designed a s  a redundant leading edge segment 
support. 

A s  

Fused silica o r  alumina insulation washers  have been assumed to 
protect the s teel  bolt and wing support fitting f rom high temperatures 
conducted f rom the skin. However, current thermal  analyses show that 
the soft Dynaflex type heat shield insulation, which i s  wrapped around 
each joint, is sufficient to maintain metal  temperatures  to within 
acceptable l imits without the use of hard insulators.  
ever,  that some fo rm of bushing will be required in the R P P  to permit  
match drilling of the joints on either assembly o r  subassembly to offset 
tolerance accumulation during fabrication. The bushings may be either 
metallic o r  ceramic.  

It is believed, how- 

Structural  analysis has shown that optimum segment weight occurs 
at a 30 inch segment span and this has therefore been selected for  
baseline preliminary design. 
siderations such a s  cost, acoustic o r  vibration loads, and reliability are  
considered further.  

This may vary  in the future a s  other con- 

3 . 3  PROTOTYPE DESIGN 

Three  full scale prototype leading edges were  designed and 
fabricated on the program, two of which were  tested to simulated design 
temperature and load environments. 
units was to demonstrate full scale fabrication potential. However, by 
virtue of recent coating facility additions, VMSC was able to essentially 
double the size of the subscale (8 in. x 9 in. x 14 in . )  units initially 
proposed, so  that ful l  scale segments could be fabricated. 
dation of NASA, these units, which have a segment span of 15 in. to fit the 
coating facility were designed a s  ful l  scale  components assuming 15 in. 
wide segments a r e  employed on the vehicle. 
the optimum span for  minimum weight, unit weight is s t i l l  a respectable 
2 lb/ft2. 

follows closely the preliminary design discussed in Section 3 . 2 .  
main differences are the segment span a s  already noted, and the difference 
in boost condition venting pressure ,  which was 0 .5  ps i  lower for the proto- 
type design (Section 3 .  1). 

The initial purpose of these prototype 

At the recommen- 

While this s ize  does not represent  

The prototype design shown in F igures  3-13 and 3-14 
The 

These two changes resulted in a design that i s  
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basically a 12 ply layup with patch doublers on the lower flattened surface 
to stiffen that region and reduce deflection. 
effort to more  closely match computed bending moment distributions 
although a slightly higher margin exists in the maximum compression 
section (lower portion) of the r ib  than the maximum tension o r  upper 
portion (Section 3.5. 2) .  

The r ibs  a r e  profiled in an 

Trailing edge overlap seals a r e  bonded and riveted to the trailing 
edge beams to demonstrate the ability to fabr icate  such a configuration. 
Since the trialing edge seals a r e  bonded to the beams, the seals  become 
an integral par t  of the structure.  
considerably stronger than required and high margins  result. 
configuration of the seal  provides two bonding surfaces to provide a 
strong joint with a minimum tendency toward peeling; thus, adding 
reliability to the joint. Likewise, r ivets a r e  used to prevent peeling 
a s  well a s  to provide clamping during R P P  processing. 

This prodaces beam-s that a r e  
The "TI' 

The leading edge panel assembly i s  shown in F igure  3-13. 
dimensions a r e  27 in. x 12. 5 in. x 15 in. exclusive of the curved sea l  s t r ip .  
The contour was established by cutting the NASA 0012-64 airfoil section 
normal  to the 600 sweep angle. 
Note that the lug regions a r e  strengthened by overlapping corner  plies in 
the fashion i l lustrated on Figure 3-11. 
st iffness to the lugs for  airload drag and vibration loads. 
s t r ips  a r e  shown in F igure  3-14. 

Overall  

Detail layup i s  s imilar  to Figure 3-12. 

This boxed corner  adds side 
Details of the sea l  

Detail s t r e s s  analysis resul ts  a r e  summarized in Section 3.5, 
fabrication technique and experience a r e  documented in Section 7 . 2 .  1 and 
full  scale test resul ts  a r e  discussed in Section 7.2.2. 

3.4 THERMAL ANALYSIS 

Thermal  analyses were  performed on the Space Shuttle wing 
leading edge with the following objectives: 

- - Support development of preliminary design 
Provide temperature  histories for  use in mission life 
p r  edic tions 
Provide temperature distributions for  use in thermal  
s t r e s s  analyses 

- 

Prel iminary thermal  properties were  determined for use in these 
analyses based upon measurements f rom reference ( 6 )  and properties for 
expected constituents of the final mater ia l  system. 
thermal  analyses, measurements were  made of thermal  properties for 
the selected mater ia l  system, a s  reported in Section 5.2. 1. The effect 
of differences between assumed and measured  properties i s  discussed. 

Subsequent to the 



Aerodynamic heating ra tes  were determined for boost and entry 
environments. Since entry heating is more  severe,  the remainder  of the 
analysis was devoted to that portion of flight. Radiation equilibrium 
temperature distribution around the leading edge was computed a s  a 
function of entry t ime. 
ferential  heat conduction upon temperature distributions were  also 
c omput e d . 

Effects of internal c r o s s  radiation and c i rcum-  

Predictions were  made of temperature gradients in stiffening 
r ibs  and support joints. 
to indicate the thickness of substrate mater ia l  required to provide a 
"fail safe" design in the event of cozting failure. Air leakage ra tes  
through gaps at  joints between adjacent panels were  computed, and 
potential effects were  assessed.  

Surface recession of bare  R P P  was computed 

Results indicate that internal c r o s s  radiation and heat conduction 
effects will reduce peak temperatures  by 148'F f rom radiation equilibrium 
values and will reduce peak circumferential  temperature  gradients by 37%. 
Support joint analyses indicate that insulating washers  and bushings are  
not required, provided that bulk insulation is used between the skin and 
the joint area.  Finally, analysis of bare  R P P  surface recession shows 
that 0.246 inch will be removed a t  the peak heating location during entry. 
Hence, a fai l  safe design would require  a considerable increase  in 
substrate  mater ia l  thickness. 
g rea te r  than for  the Phase I straight wing baseline vehicle, because of 
the high c r o s s  range mission. 

This surface recession is 2 - 1 / 2  t imes 

3 . 4 .  1 Thermal  Propert ies  

Emittance and thermal  conductivity values for  coated R P P  were  
based upon measurements  f r o m  reference (6)  for  the Phase I, Zr-B-Si 
system, since it was anticipated at  the s ta r t  of Phase I1 that the final 
coating would be s imilar  to Zr-B-Si. Emittance values used for  this 
design a r e  l isted in Table 3-2. Now, however, the final coating is 
siliconized R P P  and measurements  in Section 5.2. 1 for  the selected 
coating confirm that the design value of emittance was conservatively 
low. 

The design value for thermal  conductivity paral le l  to the lamina 
shown in F igure  3-15 agrees  well with measurements  made during Phase  
I for both Zr-B-Si and siliconized R P P  above 2000°F and i s  somewhat 
higher than measurements  for  siliconized R P P  below 2000OF. 
property pr imar i ly  effects the joint support analysis, where a high value 
of conductivity enhances heat conduction to the support point. 
in Section 5 . 2 .  1 for  the selected coating indicate that the design value of 
conductivity i s  conservatively high at  a l l  temperatures .  

This 

Measurements 
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TABLE 3-2 

EMITTANCE OF COATED R P P  

Temperature  O F  Zr-B-Si and Design 

1500 
2000 
2500 
3000 

0.85 
0.86 
0.85 
0.86 

The design value for conductivity normal  to the lamina, a s  
shown in Figure 3-15, is somewhat lower than measurements  for  
siliconized R P P ,  particularly above 1500'F. This property pr imari ly  
affects the c r o s s  radiation analysis, where a low value of conductivity 
inhibits heat conduction ac ross  the skin thickness and therefore 
diminishes the beneficial c r o s s  radiation effect. 
that Battelle measured  lower values of conductivity on siliconized R P P  
in tes t s  for  NASA-MSC than those reported in reference (6 ) .  
shown in  F igure  3-15 where it is seen that the difference i s  most  
pronounced below 1500°F. 
higher conductivity measurements  by ear ly  Southern Research Institute 
(SRI)  data. 
s imi la r  density to the current  mater ia l  in 1965 for  Air F o r c e  Materials 
Laboratory. Values for bare  R P P  varied f rom 8.35 to 10 BTU/Hr F t  
O F  a t  -5OOF to 800°F, and were  a factor of 2.5 to 4.5 higher for  R P P  
coated with an ea r ly  Si-Sic system. 
and the lack of other evidence to indicate a higher accuracy for  the data 
supplied to  NASA-MSC, the design value of 6 BTU/Hr/Ft  OF was 
selected. Measurements in Section 5.2. 1 for the selected mater ia l  a r e  
about 36% below the design value. 
resul ts  only slightly. 

It should be noted 

This i s  

Some substantiation was provided for the 

SRI measured  conductivity normal  to lamina on R P P  of 

In view of this substantiating data 

This should reduce c r o s s  radiation 

Specific heat values based upon data for expected constituents 
of the final system a r e  shown in Table 3-3. 
agreement with measurements  in Section 5.2. 1 for the selected coating. 

These values a r e  in good 

Substrate density was calculated to be 80 Lb/Ft3 based upon 
weights and volumes of ba re  R P P  specimens. 
estimated to be 100 Lb/Ft3,  and data presented in Section 5. 1 .3  con- 
f i r m s  this value. 

Coating density was 
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TABLE 3-3 

COATING AND SUBSTRATE SPECIFIC HEAT 

0 Temperature,  F 

0 
100 
500 

1000 
1500 
2000 
2500 
3000 

SPECIFIC HEAT, B T U / L B O F  

Substrate Coating -- 
0.215 
0.230 0. 132 
0.300 0 . 1 9 5  
0 .385  0.218 
0.446 0 .235 
0.480 0 . 2 4 7  
0.500 0.260 
0.510 0.270 

Thermal  conductivity, density and specific heat of the fused silica 
support joint insulators were  taken f rom reference (2) .  
candidate bulk insulation mater ia l  for  the wing s t ructural  box front beam 
and support joints a r e  shown in Tables 3 - 4  and 3-5  and were  obtained 
f rom reference (7). 

Propert ies  of a 

TABLE 3-4 

SPECIFIC HEAT, DYNAFLEX INSULATION 

Temperature  O F  Specific Heat B T U / LB /OF 

0 
40 0 

1000 
1800 
2800 

3.4.2 Aerodynamic Heating 

0.200 
0 .229 
0.272 
0 .292 
0 .292 

Aerodynamic heating ra tes  during boost and entry a r e  based 
upon the trajectories presented in section 3. 1. 
computed using the r ea l  gas, stagnation point theory of F a y  and Riddell, 
developed in reference (10).  Entry heating ra tes  were  obtained from 
reference (4) 

Boost heating r a t e s  were  
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TABLE 3-5 

THERMAL CONDUCTIVITY OF DYNAFLEX INSULATION 
6 .2  LB/FT3  DENSITY 

CONDUCTIVITY UNITS, BTU/FT HR O F  

TEMPERATURE . O F  PRESSURE, L B / F T ~  
0.0003 0.2780 27.80 2 120 

- 200 
0 

200 
400 
600 
800 

1000 
1200 
1400 
1600 
1800 
2000 
2400 
2600 

0.009 
0.0095 
0.0105 
0.012 
0.014 
0.017 
0.021 
0.026 
0.032 
0.0419 
0.0515 
0 .065  
0.  1025 
0. 1305 

0.011 
0.0115 
0.0125 
0.014 
0.0165 
0.0195 
0.0235 
0.029 
0.0355 
0.044 
0.055 
0.068 
0. 1085 
0. 138 

0.018 
0.0200 
0.022 
0.025 
0.0285 
0.0325 
0.0375 
0.0435 
0.051 
0.0615 
0.074 
0.091 
0. 1585 
0.2085 

0.021 
0.0235 
0.027 
0.0315 
0.037 
0.0435 
0.052 
0.0625 
0.075 
0.092 
0. 115 
0. 149 
0.218 
0.2395 

Boost heat flux r a t e s  referenced to the stagnation point of a one 
foot radius  sphere a t  100°F a r e  presented in F igure  3-16. Similar data 
for  entry a re  given in  F igure  3-17, except that a reference temperature  
of 2200°F was chosen and the heating r a t e  applies to the maximum heating 
location on the leading edge. Air total  enthalpy and local enthalpy and 
p res su re  a t  the stagnation line a r e  a l so  presented. Since maximum 
heating r a t e s  during entry a r e  higher and of longer duration than those 
during boost, the bulk of the thermal  analysis was devoted to entry. 
However, a calculation was made  of the heat f l u x  r a t e  to the stagnation 
line of the leading edge a t  the t ime of peak heating during boost, 425 
seconds f r o m  launch. 
which corresponds to a radiation equilibrium temperature  of 1700°F. 
The p r imary  purpose of this calculation was to confirm that the R P P  
interface with the p r imary  wing s t ruc ture  is  located sufficiently far  aft. 
Since the interface temperature  will  be well below the stagnation line 
value, boost conditions will  not introduce a requirement for  shifting the 
interface fur ther  aft. 

This resul ted in a value of 8 . 4  BTU/ft2 sec ,  

Heating r a t e s  a t  local positions on the leading edge were  
normalized to that at  the maximum heating location. 
in F igure  3-8 as  a function of distance f r o m  the geometric leading edge. 
The local heat f l u x  r a t e  to a wall a t  temperature  TW is therefore  given by: 

They a r e  presented 

62 
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FIGURE 3-16 BOOST AERODYNAMIC HEATING 
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where: 

iR 

iw 

iC 

= a i r  recovery enthalpy, BTU/Lb 

= 

= a i r  enthalpy at  2200 F 

a i r  enthalpy at  TW and local pressure  

0 

Local p re s su res  on the leading edge a r e  given by the stagnation line 
p re s su re  in F igure  3-17, together with p re s su re  distribution f rom 
reference (4) .  

Radiation equilibrium temperatures were  computed to provide an 
upper limit of expected temperatures on the leading edge. 
equilibrium temperatures  assume that the incident heat i s  entirely removed 
by surface re-radiation to space. Hence, heat sink, conduction and internal 
cross-radiation effects a r e  neglected. 
m o r e  detailed analyses which follow. 

Radiation 

These effects are considered in 

Temperatures  were  computed a s  a function of both entry t ime and 
leading edge location a s  shown in Figures  3-18 through 3-21. 
presents  a temperature-time plot for  the maximum heat location, which 
reaches a peak temperature  of 2740'F. Temperatures  shown in F igure  
3-21 a r e  a function of location on the leading edge, a t  the time of peak 
heating. 
important f r o m  a thermal  s t r e s s  standpoint, is 513OF/inch. 

F igure  3-18 

The peak circumferential  temperature  gradient, which is 

Measured emittance for  the selected coating a s  reported in Section 
5.2. 1, is actually 0.92 at  2740°F, a s  opposed to the design value of 0.85. 
This higher value reduces the peak radiation equilibrium temperature  by 
60°F to 2680'F. 

Cross  Radiation - A two-dimensional analysis was performed to 
determine the effects of internal c ros s  radiation. 
the skin in both circumference and thickness directions was included in 
the analysis. F igure  3-20 shows the 51 node thermal  model which was 
employed. 
assumed. The aft surface of the enclosure was assumed to be adiabatic 
to represent  insulation over the wing support s t ructure  and support joints. 
Al l  24 interior nodes were  permitted to participate in c ros s  radiation. 
A portion of the skin interior surface near both windward and leeward 
support joints was assumed to be covered by insulation mater ia l  to 
protect the joints. 

Heat conduction through 

A constant 0. 18 inch thick (14 ply) R P P  laminate skin was 

These surfaces were  assumed to be adiabatic. 
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TIME FROM 400,000 FEET, 100 SECONDS 

FIGURE 3-18 SKIN TEMPERATURE AT PEAK HEATING LOCATION, E = 0.85 

28 I I 
LEEWARD ~ N D W A R D  T/ME FRod 400,000)FEET 

s, = 380 SECONDS 
24 1 

20 I 
LL \~ 

c 

I I 
8 

1 6 .  
a TIME = 240 SECONDS 3 
!- a a I/ I I 12 

5 
!- 

8 ,  

/ I fl 
4; \ 

--*SKIN SKIN INSULATED SKIN UNINSULATED ON 
BACK SIDE INSULATED 

I 
0 4 8 12 16 20 24 '1 6 12 8 4 

"WETTED" DISTANCE FROM LEADING EDGE, INCHES 

FIGURE 3-19 SKIN TEMPERATURES AROUND LEADING EDGE - 
INITIAL SKIN TEMPERATURE = -170OF 

65 



16531 

1 

%\ WINDWARD 

123821 

I 

I 

I 

NOTE TEMPERATURES 
SHOWN I N  PARENTHESES 
ARE OF AND OCCUR AT 
420 SECONDS FROM 
roO.WO FEET 

I 

\\ 

SKIN INSULATED 

CHORD LINE 

BULK INSULATION 

113181 

121451 51 
1 1 ~ 1  

1 
4 

/ ' /  1/ 

FIGURE 3-20 THERMAL MODEL, LEADING EDGE WITH CROSS RADIATION 

28 

24 

i c 2o 

y1 
K 
2 16 
r a 

4 p 12 

K 
w 

8 

4 

FIGURE 3-21 SHUTTLE LEADING EDGE TEMPERATURES - 
TIME OF PEAK REENTRY TEMPERATURE 

66 



Radiation view factors  between nodes were  computed using 
Numerical Hottel's "crossed string method" f rom reference ( 1  1). 

calculations were  performed using a VMSC computer routine, which 
calculates coefficients for cross-radiation f rom the view factors  and 
emittance using an  exact net radiation method, ra ther  than an  approxi- 
mation technique involving only a small number of reflections. 
surfaces  are assumed to be gray and diffuse reflectors,  which is 
reasonable for  the mater ia ls  of interest .  

All 

Computed temperatures  a t  each node location a t  420 seconds, the 
t ime at  which temperatures  a t  the maximum heating location have peaked, 
a r e  presented in F igure  3-20. 
s t ructure  insulation surface temperature  reaches a maximum value of 
2396OF, establishing the temperature  capability required of this mater ia l .  
The temperature-time history at  the peak heating location is compared 
with radiation equilibrium values in F igure  3-18. It is seen that c r o s s  
radiation reduces the maximum skin temperature  by 148OF to a value of 
2592OF. 

It will be noted that the wing support 

The temperature  distribution around the leading edge at  420 seconds 
is  compared with maximum radiation equilibrium values in F igure  3-21. 
The point of peak circumferential  temperature  gradient in the radiation 
equilibrium analysis was near  the geometric leading edge. In the c r o s s  
radiation analysis, this point shifts to the location on the leeward side 
where the wing support insulation begins. 
radiation heat t ransfer  f rom the windward side, causing skin temperatures  
to  drop rapidly ac ross  the insulation interface. The peak temperature  
gradient actually occurs  slightly ear l ie r  than peak absolute temperatures ,  
a t  380 seconds, when the gradient is 325'F/inch. This constitutes a 37% 
reduction f rom the radiation equilibrium value of 5 13'F /inch, which is 
significant f r o m  a thermal  s t r e s s  standpoint. Temperature  distributions 
around the leading edge at  two times during entry, 380 and 240 seconds 
are  shown in F igure  3-19 .  
due to the fact  that stiffener r ib  gradients peak a t  this time, a s  discussed 
below. 

Insulation blocks c r o s s  

Temperatures  a t  240 seconds a r e  significant 

As discussed previously, measured  emittance for the selected 
coating is higher than the design value and measured  conductivity in the 
normal  to lamina direction is lower than the design value. The net effect 
of these differences on the c r o s s  radiation analysis was calculated to be a 
44OF reduction in maximum skin temperature  f rom 2592 F to 2548OF. 0 

Rib Gradients - Temperature  distributions in r ib  stiffeners were  
computed for use in thermal  s t r e s s  analyses using a two-dimensional 
thermal  model, shown in Figure 3-22. 
ac ross  the r ib ,  c ros s  radiation between adjacent skin and the rib,  and 
c r o s s  radiation to and f rom surrounding s t ructure  were  considered. 
mating surface of the r ib  with an adjoining r ib  was considered adiabatic 

Heat conduction along the skin and 

The 
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by reason of symmetry.  
radiating to the r ib  and skin was assumed to be equal to the temperature  
of the wing support insulation surface.  This is a reasonable assumption, 
since the insulation surface maintains a temperature  equal to the average 
temperature  of the skin which radiates to it. 

The temperature  of surrounding s t ructure  

The temperature distribution ac ross  the r ib  and adjacent skin i s  
shown in F igure  3-22 for three locations on the leading edge at an entry 
t ime of 380 seconds. 
ferential  gradients around the leading edge. 
defined a s  follows: 

This corresponds to the t ime of peak circum- 
The three locations a r e  

. .  Distance Aft 

Edge In. MAX 
of Leading q k  

Maximum heating 
Windward location 
Leeward location 

0.277 1.0 
12.27 0.482 
2.82 0 . 0 5 9  

Temperature  variations ac ross  the r ib  a r e  relatively low at 380 seconds 
and a r e  governed pr imari ly  by c r o s s  radiation to and f rom surrounding 
s t ructure .  
the r ib  a t  the maximum heating location, about equal at  the windward 
location and hotter than the skin at  the leeward location. Hence, the 
temperature  drops f rom skin to r i b  at  the maximum heating point, is 
essentially constant a t  the windward location, and r i s e s  f rom skin to r ib  
a t  the leeward location. 

This surrounding s t ructure  is cooler than the skin adjacent to 

Maximum temperature  gradients ac ross  the r ib  occur a t  240 
seconds a s  shown in F igure  3-23. 
at this time a r e  higher, amounting to 300°F at  the maximum heating 
location. 
duction f rom adjacent skin into the rib,  since skin temperatures  a t  240 
seconds a r e  too low for  c r o s s  radiation effects to  dominate. 
for  a l l  three locations the temperature  reduces, progressing f rom skin 
to rib.  

The temperature  drops ac ross  the r ib  

These temperature  drops a r e  governed pr imari ly  by heat con- 

Therefore,  

To apply this data to thermal  s t r e s s  analysis some slight adjust- 
ment of the temperature  in F igures  3-22 and 3-23 was required to match 
the skin temperatures  computed with the r ib  model to those computed with 
the c r o s s  radiation model. 
temperatures  was small, in most  cases  less  than 50 F and in no case  was 
grea te r  than 10%. 

This upward o r  downward shift of r ib  
0 
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The r ib  temperatures in Figures  3-22 and 3 -23  apply to the 
major  portion of the r i b  which is f r ee  to participate in c ros s  radiation 
with skin and other structure.  However, in the support jo ih  a r e a s  the 
r ib  and adjacent skin a r e  covered with bulk insulation, and the thermal  
model used to generate the above r ib  temperatures i s  not applicable. 
Rib temperatures in the support a r eas  were therefore computed using 
the thermal  model described in the following paragraph on support joint 
analysis. 
ward attachment locations at  240 and 380 seconds. The maximum tem-  
perature  drop across  the r ib  occurs at 380 seconds on the windward 
attachment and i s  l l O G ° F .  
in the uninsulated portion of the r ib  for three reasons.  

Results a r e  shown in Figure 3-24 for the windward and lee- 

This drop i s  considerably higher thari that 

Distance Skin to 
Bolt Centerline, 

Configuration Inches 

Baseline 3 . 3  

Bolt Moved 2 . 0  
Outboard 

Hard Insulators ! 3 . 3  
, Removed 

- Heat t ransfer  f rom skin to r ib  is by conduction only, 
since bulk insulation suppresses  c ros s  radiation. 

- The r ib  height is 3.45 inches in the attachment a rea ,  
compared to 2.00 inches for the remainder of the rib. 

- Attachment hardware at  the inboard side of the r ib  serves  
a s  a heat sink to maintain relatively low temperatures.  

However, because of the localized region of these gradients, they 
have l i t t le effect on overall  r ib  thermoelastic s t r e s ses .  

Support Joint Analysis - The leading edge i s  attached to Haynes 188 
brackets bolted to the wing box a s  illustrated in F igure  3-25  and Figure 3-11. 
Analyses were  performed to determine the insulation required to protect 
the Haynes bracket and s teel  bolt f rom overheating and the required 
separation distance between the skin and the support joint. 
the skin and support joint was assumed to be filled with 6 . 2  LB/FT3 density 
Dynaflex insulation. A baseline configuration, shown in Figure 3 -25, and 
two alternate configurations were analyzed. 
configurations a r e  listed in Table 3-6. 

The a r e a  between 

Major features of the three 

TABLE 3-6 
SUPPORT JOINT CONFIGURATIONS 

Hard Insulator Dimensions Inches 
Hard Bushing in I Bushing in 

Insulator 

Fused 
Silica 

Fused 1.00 1.00 
Silica 

None 

. I O  0. 70 

.10  0.  70 



V DISTANCE. INCHES 

FIGURE 3-24 RIB TEMPERATURE DROP, ATTACHMENT AREAS 

TIME F R O M 4 M ) O W F E E T  IWSECONDS 

F IGU R E 3-25 ATTACHMENT TEMPE RATUR ES 
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These configurations were analyzed using a 55 node, th ree-  
dimensional thermal  model which included heat conduction along the 
skin and R P P  rib, ac ross  the hard insulators,  and into the s tee l  bolt 
and Haynes 188 bracket. 
the R P P  r ib  outside of the bulk insulation was also considered, as was 
heat conduction through the bulk insulation and into the support joint. 

Cross  radiation f rom the skin to the portion of 

Computed temperatures  a s  a function of entry t ime for  the base-  
line configuration a r e  shown in F i g u r e  3-25. Temperature of the R P P  
r ib  a t  i ts  interface with the hardware insulator peaks at  1691°F, which 
is tolerable for  fused silica. The s teel  bolt temperature  peaks a t  1107 F ,  
while the Haynes 188 bracket temperature  peaks at  782OF, both of which 
a re  tolerable. The peak temperatures  reached at  various locations for  
a l l  th ree  configurations a r e  summarized in  Table 3-7. 

0 

TABLE 3-7 SUPPORT JOINT PEAK TEMPERATURES 

Temoerature.  O F  

Bolt Hard 
Moved Insulator 

Baseline Outboard Removed 

Haynes Bracket  Hot Side 78 2 8 30 1111 

Cold Side 635 659 717 at  2400 
s e c 4: 

Steel  Bolt R P P  End 1107 1177 1175 

Haynes Bracket End 1042 1104 1161 

R P P  Interface with 169 1 1793 1225 
Insulator o r  Bolt 

Skin Side 2 128 2 133 2 127 

::: Temperature  a t  this location rising a t  2400 seconds, maximum 
temper a tur  e not computed. 

None of the tempera tures  in Table 3-7 a r e  considered excessive,  
including the tempera tures  with the hard  insulators removed. Hence, it 
appears  possible to remove these insulators.  
temperature  a t  the cold side of the Haynes bracket i s  717OF at  2400 seconds 
and is st i l l  r ising. 
bracket and the titanium beam to which it at taches,  since the titanium i s  
l imited to 6500F. 

A s  shown in Table 3-7, the 

Insulation will  therefore  be required between this 
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Measured values of thermal  conductivity for  the selected mater ia l  
system in the paral le l  to lamina direction, a s  given in Section 5.2.  1 a r e  
significantly lower than the design value used in this analysis. This will 
have the effect of lowering temperatures  in the lug a r e a  below calculated 
values . 
3 . 4 . 3  Surface Recession of Bare  R P P  

In order  to determine the thickness of substrate mater ia l  required 
to provide a "fail safe" design in the event of general  o r  local coating 
failure,  calculations were  made to predict surface recession of bare ,  
uninhibited R P P  during entry. 
with R P P  oxidation character is t ics  based upon plasma a r c  tes t  data. 
Reaction r a t e  control, transition and diffusion control oxidation regimes 
a r e  accounted for  in the routine. 

A VMSC computer routine was utilized 

F igure  3-26 presents  the computed surface recession a s  a function 
of entry t ime for  R P P  with a density of 80 Lb/Ft3.  Computer runs w e r e  
made for the maximum heating location and for  a location on the leeward 
side. Recession €or intermediate heating conditions was scaled f rom the 
stagnation line resul ts ,  based upon diffusion control for  which recession 
i s  proportional to heat f l u x  rate.  
a t  the lower heating ra tes ,  this procedure is slightly conservative. 

Since reaction ra te  control is important 

Peak recession ra te  occurs a t  1800 seconds and is  1.61 x lo'* 
in / sec  at  the maximum heating location. 
the maximum heating location and 0 .0  114 inch at  the leeward location. 
This recession could be reduced about 20% by increased densification, 
graphitization, and consideration of c r o s s  radiation to reduce surface 
temperature.  The distribution of surface recession around the leading 
edge is shown in Figure 3-27 .  These resul ts  indicate that a fa i l  safe 
design would require  a considerable increase in  substrate mater ia l  
thickness on the windward side, but only a slight increase on most  of 
the leeward side. 
capability in the high heating region and multi-mission capability on most  
of the leeward side. 

Total recession is 0.246 inch at  

It i s  a lso evident that bare  R P P  has a single mission 

3 . 4 . 4  Gap Leakage 

A preliminary analysis was made of a i r  leakage r a t e s  through 
joints between adjacent segments of the leading edge and potential effects 
of this leakage on leading edge temperatures .  The joint design, shown in 
F igure  3 - 1  1, includes a sealing s t r ip  attached between adjacent panels. 
The outer surface of the s t r ip  i s  made flush with the outer surface of the 
panels by joggles in  the panels. 
the inboard end and is f ree  to expand outboard. 

Each leading edge segment is fixed at  
The total expansion 
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allowance between panels is 0. 128 inch to accommodate the stagnation 
region expansion for  a 30 in. segment. 
the fixed inboard end of each panel, although the r eve r se  situation could 
be employed (i. e . ,  allow panel to expand inboard and attach sea l  against 
the outboard side of the panel). 

The sealing s t r ip  is fixed against 

Ordinarily, a i r  leakage will be controlled by the gap at  the a rea  
where the seal  s t r ip  overlaps the f r ee  end of the adjacent panel, that i s ,  
the joggled portion of the skin. As can be seen in F igure  3-11, this gap 
will usually be much smaller  than the 0.  128 inch expansion allowance 
gap between the seal  s t r ip  and the lug at  the f r ee  end of the adjacent 
panel. Since possible gap heights a r e  currently uncertain, calculations 
of a i r  leakage and temperature  effects were made for a range of values. 

Calculations were  f i r s t  made to determine a i r  leakage ra tes  and 
associated total energy influx into the leading edge cavity. An assessment  
was then made of potential effects of this leakage on leading edge tempera-  
tures .  

Assumptions employed in the analysis a r e  a s  follows: 

( 1 )  F o r  any given gap height, the gap exists around the entire 
leading edge wetted distance. 

(2 )  P r e s s u r e  inside the leading edge cavity is  sufficiently low 
to resul t  in choked flow through the gap. 

(3)  Air enters  the gap at  the local surface temperatures  and 
p r e s s u r e  on the leading edge panel. 
f rom these conditions a r e  a lso assessed.  ) 

(The effects of deviations 

With these assumptions, the m a s s  flow into the leading edge cavity 
can be written as follows: 

0.53 - -  lk - 

‘S 
where: 

W = air flow rate ,  Lbs /Sec 

h = gap height, inches 

P = Local p re s su re  on leading edge panel minus f r ee  s t r e a m  
static p re s su re ,  Lbs /F t2  



= stagnation line p re s su re  minus f ree  s t r eam static 
p re s  sure,  Lbs/Ftz  pSL 

0 T = local panel temperature,  R 

0 = panel temperature at  stagnation line, R 
TSL 

S = wetted distance along panel, inches 

The variation of the product under the integral is shown in 

relative to stagnation conditions. 
F igure  3-28 .  
This is an effective gap Length, 
Utilizing the design entry trajectory to obtain the variation of stagnation 
line p re s su re  and temperature with time, a i r  flow ra te  into the cavity 
versus  t ime was calculated for various gap heights. 
shown in F igure  3-29 .  

Integration of the function yields a value of 18 inches. 

These resul ts  a r e  

Similarly, the total energy influx into the leading edge cavity can 
be  writ ten a s  follows: 

‘S where: 

Q = energy influx rate ,  BTU/Sec, total energy of a i r  entering 
cavity, measured f rom absolute zero  temperature  base.  

= specific heat of a i r ,  BTU/Lb-OR cP 

The remaining t e r m s  a r e  a s  specified in equation ( 2 ) .  
product under the integral  is shown in F igure  3 - 3 0 .  
function yields a value of 17 .4  inches. 
leading edge cavity is  shown in F igure  3 - 3  1. 

The variation of the 
Integration of the 

Computed energy influx into the 

The preceding calculations a r e  based on ideal gas conditions. 
Utilization of r e a l  gas p re s su res  on the leading edge would increase the 
flow rate  and energy influx by approximately 10%. The largest  uncertainty 
in the analysis i s  the total temperature of the a i r  entering the cavity. 
the a i r  is  drawn off f rom a very thin portion of the boundary layer adjacent 
to the surface a s  assumed in the analysis, then the resul ts  presented a r e  
representative. In such a situation, the bulk total temperature  of the a i r  
entering t h e  cavity i s  approximately equal to the mean temperature  of the 
panel and wing s t ructure  insulation at  any given t ime; consequently, over- 
heating of the panel and insulation would not occur. 

If 

However, if  a i r  i s  
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drawn off f rom a greater  portion of the total  boundary layer thickness, the 
bulk total  temperature  of the a i r  entering the cavity i s  increased con- 
siderably due to the steep temperature  gradient in the boundary layer,  and 
local increased heating of panel and insulation would occur. 

Areas  of the leading edge which a r e  subject to increased heating 
due to a i r  leakage include the following: 

( 1 )  Heat shield bulk insulation 

( 2 )  Seal s t r ip  and R P P  skin in overlap a r e a  at  joggle 

( 3 )  Fron t  wing box s t ructural  beam ( i f  a i r  leaks around edges 
of bulk insulation) 

(4) Attachment bolts and fittings 

Items ( 1 )  and ( 2 )  would be subjected to increased heating only if  the 
total  temperature  of the leaked a i r  is above the surface temperature,  
whereas  i tems  ( 3 )  and (4) would receive increased heating even if  the a i r  
is a t  o r  near  the surface temperature.  
be controlled by maintaining a tight fit of insulation over these par ts .  
However, heating of i t ems  (1)  and ( 2 )  can be controlled only by design 
of the sea l  s t r ip  and joint. A preliminary assessment  was therefore 
made of potential heating of the latter i tems.  

Heating of i tems ( 3 )  and (4) can 

A very conservative approach was used to estimate increased 
heating of the heatshield insulation. 
a t  the local external recovery temperature.  Since the velocity and pattern 
of a i r  flow over the insulation surface is not known, an average heat 
t ransfer  coefficient was calculated assuming that the maximum possible 
heat is extracted f rom the a i r  and distributed uniformly over the insulation 
surface. 
of the insulation surface.  Even with these conservative assumptions the 
increase  in temperature  of the insulation surface due to a i r  leakage was 
only 20°F for  an 0.01 inch joint gap. This increases  to 240 F for the 
extremely conservative assumption of a 0.  128 inch gap. An additional 
conservat ism was introduced into the calculations in that, with a i r  
entering at  recovery temperature,  the flow ra t e  will be lower than that 
given by Figure  3-29,  due to the lower a i r  density. Hence, i t  appears 
that increased heating of the insulation will be minimal. 

Air was assumed to enter the cavity 

That is, the a i r  was assumed to leave the cavity a t  the tempera ture  

0 

Heating of the seal  s t r ip  and the mating skin surface at  the gap i s  
limited by two mechanisms; the convective heat t ransfer  r a t e  ac ross  the 
boundary layer and the total energy in the a i r  flow. 
t r ans fe r  coefficient in the gap were  computed, based on the respective 

Two values of heat 
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mechanisms. A boundary layer convective heat transfer coefficient was 
computed, based upon duct heating relations. A second coefficient was 
computed, assuming the maximum possible energy is  extracted f rom the 
a i r  .and distributed over the surfaces on each side of the gap. Since 
both mechanisms limit the heat t ransfer  simultaneously, the actual heat 
transfer coefficient will be less  than the lower of the computed values. 

F o r  reasonable gap heights ( < 0. 10 inch), i t  was found that the 
heat t ransfer  will be limited by the total available energy. 
the heat t ransfer  coefficient was computed to be equal to the external 
coefficient for  a gap of 0 .016  inch. 
enters the gap at  a temperature well above the local surface temperature ,  
a substantial increase in overall heating to the sea l  and mating skin could 
occur. 

The value of 

Therefore,  i t  appears that if  the a i r  

Should tes ts  prove this to be the case,  the seal  design of F igure  
3-11 could be modified in a number of ways to prevent o r  minimize flow 
past  the seal. F o r  example, the sea l  could be held f i rmly against the 
downstream (outboard) side of each segment, placing the expansion joint 
and therefore the largest  gap to the leeward side of the flow. Another 
approach would be to bond the sea l  s t r ips  to, o r  otherwise integrally 
fabricate them with, the outboard side of the segments to eliminate the 
potential for scooping a i r  into the leading edge cavity. The la t ter  
approaches preclude individual removal of leading edge segments 
because of the resulting shingle type overlaps. 
be required i f  experimental data should dictate m o r e  stringent sealing 
requirements.  Fur ther  analyses and plasma a r c  tes ts  a r e  planned for 
Phase  III to better define the extent of a i r  leakage at  the joints and i t s  
effect upon leading edge temperatures.  

Further  study would 

3.4. 5 Conclusions and Recommendations 

The following conclusions a r e  drawn f rom the foregoing analyses: 

1. Internal c ros s  radiation and heat conduction effects will 

f rom radiation equilibrium and will reduce peak circumferen- 
t ia l  temperature gradients by 377'0. 

reduce peak skin temperature  at  the stagnation line by 148 0 F 

2. Insulating washers  and bushings a r e  not required at  the 
support joints, provided that bulk insulation i s  used between 
the skin and the joint a rea .  

I 
0 3 .  Front  beam insulation will require 2396 F temperature  

capability. 
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4. A considerable increase  in R P P  substrate  mater ia l  
thickness would be required to provide a fa i l  safe design 
in the event of generalized coating failure in the maximum 
heating region. 
coating loss and burnthrough have not been assessed .  

Effects on internal  s t ruc ture  f rom localized 

5. Heating within the leading edge cavity due to a i r  leakage 
through gaps does not appear to be a problem. Experi-  
mental  a i r  leakage data will be required to cor re la te  with 
analyses to determine if heating at  faying surfaces  is serious.  

3 . 5  STRUCTURAL ANALYSIS 

Structural  analyses were  performed on two full scale  leading edge 
designs, one with a computed weight optimum span of 30 inches, and the 
other with the span reduced to 15 inches to accommodate the s ize  of the 
cur ren t  coating facility. 
design configuration while the narrower version is the "Prototype" 
leading edge. 
to c r i t i ca l  load and temperature  conditions a s  reported in Section 7. 2. 
This section of the report  summarizes  s t ructural  analysis resul ts  
performed on the preliminary and prototype leading edges designs. 

The 30 inch span unit is te rmed the "Preliminary" 

The Prototype unit was fabricated and successfully tested 

Airloads, thermoelastic and vibration analyses were  conducted 

It was found that the intercostals 
for the delta wing leading edge configurations to establish s t ructural  
sizing and confirm design adequacy. 
employed in  the Phase  I straight wing vehicle leading edge design 
( re ference  2)  could be eliminated on the delta wing configuration without 
incurring excessive thickness o r  weight penalties. Fur ther ,  the reduced 
airloads permitted removal of re turn  flanges on the airload r ibs ,  thus 
simplifying fabrication. 

Pa rame t r i c  analysis of leading edge segments with spans of 20, 
30, and 40 inches resulted in identification of an optimum weight span 
of 30 inches, having a unit weight 1.8 lb/ft2. 
Pre l iminary  design were  therefore centered on this span. 
span variations up to t 10 inches produce only nominal weight penalties 

Detail analysis of the 
However, 

not exceeding 0. 10 lb/ft  - 2  . 
Prototype leading edge design employed reduced venting p res su re  

load levels compared with the Pre l iminary  design, a s  discussed in Section 
3 .  1. More conservative design allowables were  also used. Even so, unit 
weight of the Prototype leading edge, including sea l  s t r ips ,  was computed 
to be only 1. 94  lb/ft2. 
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Thermoelastic analysis showed that thermally induced s t r e s ses  
a r e  relatively low, producing margins of safety i n  excess of 100%. 
Vibrational s t r e s ses  were  likewise found to pose no problems, since 
margins were  very high, except for one local a r ea  of a lower lug, where 
the computed margin is about 100% for root-mean-square ( r m s )  loads. 

Because design data for various coated R P P  thicknesses and 
properties were  qot available at the beginning of Phase 11, a scheme was 
devised for  extrapolating Phase I flexure data for early preliminary 
design analysis until Phase I1 data became available for evaluation. 
The scheme i s  discussed in the Quarterly Report, reference 6, and 
summarized in section 3 .  5 .  1 herein. 
derived for the Prototype design. These proved to be reasonably good 
predictions if  i t  is assumed that average tes t  data obtained in Phase  I1 
is reduced 33% to establish design values. 
data scat ter  and strength loss after a 100-mission service life. 

More conservative allowables were  

This reduction should cover 

Elaboration on these analyses, included in a discussion of the 
mater ia l  property data employed, i s  provided in the following sections. 

3. 5 .  1 Mechanical Propert ies  

Initial Allowables for the Prel iminary Desiqn - At the outset of 
design analysis the only mechanical property data available for diffusion 
coated R P P ,  upon which to base design, were  those developed during 
the Phase  I program. These data, however, were  limited to flexure 
strength of coated 13 ply laminates. 
extrapolate this data to other thicknesses and other properties to permit  
real is t ic  leading edge sizing. Three pertinent observations had been 
made on this and other programs to guide the approach taken for data 
extrapolation: 

It was therefore necessary to 

- Coated R P P  strength i s  generally lower than ba re  R P P  
strength. 

- Coated R P P  failing s t r e s s  var ies  with laminate thickness 
and i s  significantly lower for thinner stock. 

- Bare  R P P  failing s t r e s s  var ies  with thickness and is lower 
for thinner stock, though the variation i s  much less  severe  
than for coated material .  

An approach was established wherein it was assumed that the 
coated portion of a laminate was ineffective a s  load carrying mater ia l  
and only the bare  central  core  resis ted bending, tension, and shear  
loads. This permitted preliminary analyses to be conducted assuming 
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bare  R P P  properties but final design thickness was determined by 
adding together the number of bare  plies required to support loads and 
the number of plies assumed ineffective because of coating depth. 
Initial design effort assumed three ineffective plies per  laminate thick- 
ness .  This was ultimately proven to be too optimistic for  a l l  but flexure 
strength; however, high computed design margins offset the optimism so  
that thicknesses determined and weights calculated remain  valid. 

Since new design values can be established f r o m  the recent tes t  
data, Section 5. 2., the actual values used for Prel iminary design a r e  
important only for the purpose of validating the design and the weights 
computed. 
used in computations a r e  given in Figure 3-32. 
strong influence of thickness on strength, which should be typical ( to  
varying degrees)  of expected variations with other properties.  

The particular f lexure strength and flexure secant modulus 
This i l lustrates  the 

Values used f o r  other mechanical properties a r e  summarized in 
Table 3-8, baselined to 13-ply laminates for  comparison with final t es t  
data. In this table is a lso shown an assessment  of the maximum equiva- 
lent applied ultimate s t r e s s  for  the Prel iminary design taking into account 
the computed margins  of safety and adjusting f o r  13 ply data and for  
compression buckling. 
tes t  data. 
purpose intended. 

This permi ts  a direct  comparison with recent 
Although this is not an exact technique, i t  is  sufficient for the 

TABLE 3-8 

PROPERTIES USED FOR PRELIMINARY DESIGN AND 
ASSESSMENT OF DESIGN VALIDITY 

Assumed Data Test  Data 

Equivalent Ultimate Average 
Allowable Applied Curve 
S t r e s s  Re: Margin of S t r e s s  Re: F i t  Test  Revised 
13 -Ply Safety 1 3  -Ply Data Margin 
Coated Pre l iminary  Coated Divided of 

Proper ty  Laminate Design Laminate by 1.5 Safety 

F lexure  Warp 9800 2.76 2600 9600 t 2 . 6 9  
Fill 5900 1. 90 2000 8 130 t 3 . 0 7  

Tension Warp 10200 0 . 8 7  5500 5680 to. 0 3  
Fill 6 100 4.60  1100 3000 t 1 . 7 2  

6900 7670 t o .  11 
Fill 8000 0 .28  6250 7340 to. 17 

Shear  2 180 0 .  18 18 50 2530 t o .  37 

Compress  Warp 9200 0 . 3 4  
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It i s  seen that a l l  margins remain positive even when the 
assumed new allowables a r e  established by arb i t ra r i ly  reducing 
average test  data by 33'7'0. Therefore,  the basic configuration and 
weights computed for  the preliminary design leading edge appear to 
remain valid. 

Revised Allowables for Prototype Design - The only data 
available to support the establishment of design allowables for the 
Prototype design were  flexure data obtained f rom development t r ia l s  
of the baseline L0/60/30 silicon coating system, and limited bare  R P P  
flexural data. More complete tes t  data on the baseline system was not 
obtained until the design was committed to fabrication. 
made to establish conservative allowables because simple, lightweight 
designs a r e  possible with R P P  even with pessimist ic  strength assumptions. 

An attempt was 

The approach employed was to assume that the strength of the 
coated system was governed by the bare ,  uncoated portion of the sub- 
s t ra te ,  a s  was done for  the Prel iminary design. Thus, the coated 
layers  became totally ineffective for load carrying. 
plies, two per  laminate face, were  assumed coated and non load bearing 
to establish design allowables. 
established for  Prototype design. 
allowables by another 2070. 

A total  of four 

Fur ther ,  a margin of safety of 2570 was 
This has the effect of reducing the 

Design thickness data was revised for  the Prototype design. 
Based on over three hundred measurements  made on 58 panels fabricated 
in Phase  11, a nominal thickness of 0 .013  in/ply was determined to be a 
representative value for  design. 
s t ruc tura l  applications was established to avoid the large data scat ter  
found in coated thinner laminates. 

In addition a minimum of 10 plies for  

With these assumptions, and others s u m m a r i z e d  below, the d e s i g n  
curves  shown in Figures  3-33  and 3 - 3 4  were  derived. 
f lexure test  data shown on the curves were  obtained f rom variations of 
the 10/60/30 silicon coating and included such planned differences a s  
ba tches  of coating mater ia ls ,  packing densities, and re tor t  configurations. 
These variations, which were  being evaluated so that final processing 
could be established, accounts for the wide data scatter.  
points fa l l  near the lowest tes t  points experienced. It should be noted 
that test  data was obtained f rom specimens with the edges 
coated to a depth of a t  least  0. 05 inch per  side. 
to co r rec t  for this edge effect in accordance with the assumptions of the 
ineffectivity of the coating mater ia l ,  the data band is ra i sed  15% and the 
flexure strength and flexure secant modulus curves m o r e  nearly meet  
minimum test  values obtained. 

The comparative 

The design 

If the data is adjusted 

This was believed to be suitably 
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conservative because final p rocess  selection was  expected to  produce 
significantly bet ter  resu l t s  than the lowest data points obtained in 
t r i a l  runs.  This optimism was borne out by the tes t  data reported in 
Section 5.2. 

TABLE 3-9 

PROPERTIES USED FOR PROTOTYPE DESIGN AND ASSESSMENT 
OF DESIGN VALIDITY 

De sign Ultimate Average 
Allowable Applied Curve F i t  
Employed S t r e s s  Tes t  Data 
Re:  13 Computed Re:  13 Divided R evis ed 
P ly  Margin of P l y  by Margin of 

P rope r ty  Laminate Safety Laminate 1. 5 Safety 

Strength 

F lexur e W a r p  8000 2. 51 2280 9600 High 
Fill 4800 3.36 1430 8 130 High 

Tens ion W a r p  6900 0 .28  5400 5680 0 .05  
Fill 42 00 4.44 770 3000 High 

Compress  Warp  11500 0.69 6800 7670 0. 13 
Fill 6900 1.12 3250 7340 1.26 

Shear  1900 0.28 1500 2530 0.69 

Elastic Modulus Average Tes t  Value 

Flexure W a r p  1.31 x 10 N.A.  N. A. 1 . 4 5  x l o6  
Fill 0.79 x l o 6  N.A. N. A. 1.25 x l o 6  

6 Tension Warp  2.7 x l o 6  N.A. N. A. 1.40 x 10 
Fill 1.63 x l o 6  N.A. N. A. 1.48 x l o 6  

Compress .  Warp 2 . 7  x 10 N.A. N. A. 2.08 x 106 
Fill 1.63 x l o 6  N.A. N. A .  1.53 x 106 

Shear  1.10 x 10 N. A. N. A. Not available 
6 

The tension curve in  F igure  3-33 was  established assuming tensile 
s t rength of b a r e  stock to b e  60% of the flexure values and four pl ies  
rendered ineffective by the coating. Compression allowables w e r e  based 
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on the bare  flexure value corrected for four ineffective plies, while 
inplane shear s t r e s s  was based on 2830 psi  strength for bare  mater ia l  
(average t 1. 1 5 ) ,  which when corrected for coating reduces to 1960 
ps i  for  a 13  ply laminate. 
included on Figure 3-33. 

Thickness variations of these properties a r e  

Axial (tension and compression) elastic modulus for bare  mater ia l  
was assumed equal to the values obtained on bare  flexure bars .  When 
adjusted to account for  the four ineffective coated plies, the difference 
between axial and flexural elastic moduli for  coated mater ia l  becomes 
pronounced. Test  data, sur-marized in  Section 5. 2, indicate that the 
axial moduli prediction was optimistic. This, however, should have 
l i t t le effect on the design. 

In order  to i l lustrate the comparison of these assumed allowables 
with the recent tes t  data obtained for the selected coating system, the 
data in Table 3-9 is provided. 
data is shown referenced to I3 ply mater ia l  and the actual computed 
margins  of safety for  the Prototype leading edge design. As can be 
readily seen by the data, positive margins  exist on the Prototype units 
even when the average test  data of Section 5 . 2  i s  reduced 33% to account 
for  data scat ter  and mission life degradation. It is  anticipated that this 
will  prove to be a conservative assumption. Some degree of optimism 
on elastic modulus in the axial direction can be seen. 
some effect on the s t r e s s  distribution computed, but in view of the low 
operating s t r e s ses  this is  not believed to be significant. 

This is s imilar  to Table 3-8 in which 

This may  have 

A Prototype leading edge has been successfully tested to limit 
design p res su re  load. The applied s t r e s s  levels, evaluated against 
computed s t r e s ses ,  indicates that the design operated at  a maximum 
of 467' of average tes t  data. 
in the warp  direction being the most  cr i t ical  a s  the full  scale  test  data 
indicated. 

This analysis is based on tension s t r e s ses  

Coefficient of thermal  expansion data for siliconized R P P  was 
taken f rom the Phase  I baseline siliconized system and is shown in F igure  
3-35 for both warp and f i l l  directions. 
comparison. A re test  of the Phase  I baseline M-30 system was conducted 
in Phase  I1 and i s  designated on the figure a s  "retest". 
the retest  does not result  in an exact duplication of the original data, the 
scatter band i s  not considered significant (especially in the f i l l  direction) 
for the developmental status of the material .  Below 2000°F, before the 
specimen begins glowing, data scatter could have been aggravated by 
shadows partially obscuring the control marks.  This shadowing has 
since been corrected with specimen redesign. Design curves used in 
thermoelastic analysis a r e  indicated on the figure and a r e  approximate 

Bare R P P  data i s  plotted for 

While 
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averages of the coated data. Thermal  expansion i s  very low for the 
coated R P P  mater ia l  and,when combined with the low elastic moduli 
determined f r o m  test ,  produces relatively low thermoelastic s t r e s ses .  

3 .  5 . 2  Airloads Analysis 

The delta wing vehicle baseline leading edge configuration 
experiences lower airload p res su re  than the design analyzed in Phase  
I ( reference 2)  due to sweepback. 
i t  i s  structurally more  efficient, because more  loads a r e  ca r r i ed  in- 
plane a s  hoop loads rather  than by flat panel bending. Initial Phase  11 
analyses indicated that both the intercostals and return flanges on the 
r ibs  could be eliminated on the new geometry. Detail analyses proved 
this to be feasible, and i t  resul ts  in a simpler,  more  fabricable s t ructure  
than that of Phase I. 
( intercostals) ,  bonded to the airload panels, to gain efficiency. 

By virtue of i t s  more  cylindrical shape, 

Fur ther ,  it  eliminates the need for stiffeners 

The leading edge was sized by boost airload conditions and was 
subsequently checked for  entry thermal  gradients to ensure that thermo- 
elastic s t resses  did not exceed allowables. 
was also conducted to verify design adequacy. 
the airloads analysis conducted and summarizes  results.  
allowables used for  design a r e  presented in section 3 .  5 .  1. 

Boost vibration analysis 

Materials 
This section descr ibes  

The NASTRAN computer routine was employed in leading edge 
analysis. It uses finite element s t ructural  members  in a displacement 
analysis,  and includes both membrane and bending elements. Anisotropic 
mater ia ls  can be included. Loads, s t r e s ses  and displacements a r e  out- 
puts, but in addition, the routine offers geometry plots showing both the 
unloaded and loaded shapes. 
geometry is being analyzed. 

This provides a verification that the cor rec t  

Prel iminary Design of 30 Inch Segment - Paramet r i c  analyses 
were  conducted on 20, 30, and 40 inch leading edge segment spans to 
determine optimum span size. 
segment span produced the lowest unit weight and was selected for m o r e  
detailed analysis. 
3 - 3 6 .  A one-pound allowance was included for the attachment bolts and 
hard insulators. 
surface a r e a  (not plan form a rea )  and includes the weight of seal  s t r ips  
between each segment but excludes overlap type trailing edge seal  s t r ips ,  
since these were not analyzed for the Prel iminary design. 

On the basis of weight alone, a 30 inch 

The unit weight variation with span is shown in Figure 

Unit'weight i s  expressed in t e rms  of outside curved 

The 30 inch span Prel iminary design was discussed in detail in 
the Quarterly Report, reference ( 6 ) .  Since the Prototype design super-  
sedes the Prel iminary design, only the Prototype design analysis will 
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Ultimate boost p re s su re  loads used in the NASTRAN analysis 
a r e  shown in F igure  3-40 and were  developed f rom the boost loads given 
in F igure  3-5. 
on the lower panel of 3.70 psi  ultimate, generally produces maximum 
s t r e s ses  and deflections. Ultimate bending moment and axial load 
distributions for the r ib  and upper and lower spanwise beams a r e  
presented in F igures  3-41 and 3-42, respectively, for the cr i t ical  
boost loading conditions. The maximum moment i s  980 in-lb for the 
r ib  and only 160 in-lb for the lower spanwise beam. 

Load case  11, which applies a maximum burst  p re s su re  

be covered in detail herein. 
the Prel iminary design a r e  summarized in Figure 3-37. 
given in t e r m s  of the initial allowables used for design. 
of the validity of these values in t e rms  of recent test  data is  discussed 
in Section 3. 5. 1, and shown in Table 3-8 with a comparison of applied 
s t r e s ses .  As discussed previously, a l l  margins  a r e  positive. 

However, margins of safety computed for  
These a r e  

An assessment  

Prototype Design - 15 Inch Segment - The Prototype leading 
edge was limited to 15 inch span because of coating facility s ize  
limitations. However, 15 inch segments could be utilized on the Shuttle, 
even though preliminary analysis indicztes the optimum span to be twice 
this length. The Prototype units were  designed and sized a s  though 15 
inch segments would be employed on the vehicle. Materials design data 
is shown in Section 3. 5 .  1, along with an assessment  of the data used, 
compared with more  current  allowables (Table 3 -9) .  

Computed margins  of safety using the assumed design allowables 
a re  shown in  F igu re  3-38. 
reduced by 3370, a r e  shown in Table 3-9 and Table 3- 10. 

Revised values based on recent test  data 

The geometry used in the computer analysis is shown in F igure  
3-39. Because of symmetry only one-half of the 15 inch span required 
modeling, since boundary conditions could be specified at  the centerline. 
The skin is simulated by anisotropic quadrilateral  elements,  containing 
both membrane and bending plate properties.  
were  modeled a s  bar  (beam) elements. 
elements were  used to describe one-half of the leading edge panel. 

Rib and spanwise beams 
A total of 90  plate and 32  bar  

Upper and lower lug reactions for the four boost load conditions 
The and a summary of lug margins of safety a r e  given in Figure 3-43. 

high margins shown a r e  the resul t  of two factors :  ( 1 )  the method of 
fabrication of the corners  of the leading edge produces an overlap of 
r ib  and beam plies (Figure 3-11) and inherently resul ts  in a thickened 
lug region, and ( 2 )  the uncertainty of lug allowables resul ts  in a 
conservative edge distance being employed. As par t  of the joint test  
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NASTRAN MODEL 
FOR STATIC 
ELASTIC LOAD 
ANALYSIS 

LUG 
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QUADRALATERAL IDENTIFICATION 
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PLANE VIEW (UNWRAPPED) 

37.25 

E OF SYMMETRY 

FIGURE 3-39 NASTRAN MODEL - LEADING EDGE 
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PLANE NO. 2 
MAXIMUM R I B  MOMENTS AND AXIAL LOADS 4 LOADCASEII 
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LOWER LUG SHOWN 
UPPER LUG SIMILAR 

LOAD 
CASE 

I 

I I  

I l l  

IV 

L - LOWER LUG 
U-UPPER LUG 

ULTIMATE LOAD - LBS 

M.S. 

RU ReL ReU L U 
R 

RL 
R 

- 151 165 - 8  101 3.50 4.08 

- 235 93 - 124 21 1 1.19 1.48 

57 - 116 90 - 170 4.62 1.49 

- 27 - 192 - 29 - 56 12.1 2.98 

FIGURE 3-43 LUG REACTIONS AND MARGINS OF SAFETY 
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program (Section 5 . 2 . 3 )  lug design data was obtained and substantiates 
that the lug design is more  than adequate. 

Maximum airload panel (skin) s t r e s ses ,  which a r e  comprised of 
bending and membrane s t r e s s e s  a r e  presented in F igures  3-44 and 3-45. 
It can be seen that the skin s t r e s ses  a r e  relatively low and peak at  the 
centerline in the flattened region of the lower panel, a s  would be expected. 
This particular a r e a  of the panel has the greatest  deflection a s  shown in 
F igure  3-46 where the plotted deflections a r e  amplified eight t imes.  
deflections are lower than would be computed f rom a flat plate bending 
analysis, apparently due to the tension membrane loads transmitted f rom 
the more  curved forward a r e a  of the leading edge. 
of 0. 123 inch occurs  a t  the center of the segment. 
limited by design to a value not to exceed one t imes the skin thickness. 
Deflection along the r ib  i s  a very smal l  0.038 inch. 

These 

A maximum deflection 
The deflection was 

The membrane portion of the skin s t r e s ses  for the maximum 
collapse p r e s s u r e  boost conditions a r e  shown in F igure  3-47 for  chord 
(hoop) and spanwise components. The maximum spanwise value is 400 
psi ,  while 220 ps i  i s  the maximum hoop value. 
used in evaluating buckling stability of the airload panel, where allowable 
buckling s t r e s s e s  were  established using the data contained in NASA 
CR -9 12, "Shell Analysis Manual", for axially and hydrostatically loaded 
cylinders. 

These s t r e s s e s  were  

Interaction of hoop and spanwise s t r e s s  components employed the 
formulas  f r o m  "Analysis and Design of Flight Vehicle Structures"  by 
Bruhn. 
minimum margin of safety being 9407' a s  noted on Figure  3-47. 
due to the inability to evaluate the effect of bending s t r e s s e s  on com- 
pression buckling, testing i s  required to confirm panel integrity under 
compressive loading. 

The stability analysis shows the panel to be highly stable, the 
However, 

Maximum shear  s t r e s ses  in the airload panel for  the c r i t i ca l  
boost condition a r e  given on Figure  3-48. 
value of 1567 ps i  is developed at  the intersection of the r i b  and beam on 
the lower surface.  The shear  s t r e s s  shown is comprised of (1)  the 
membrane portion, resulting f rom reacting the hoop loads generated by 
the curved forward par t  of the leading edge, and ( 2 )  a torsional component 
produced f rom lower panel deflection being restrained along the edge by 
the beam and rib.  The margin of safety at  this location i s  0.28 and is 
one of the lowest computed margins  on the leading edge. 
thermoelastic induced shear  s t r e s ses ,  discussed in section 3 .  5.3 a r e  
relatively insignificant a s  indicated in F igure  3 -49. 

This shows that a maximum 

By comparison, 
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LOAD CASE II IS THE MOST CRITICAL CASE FOR SHEAR. 
ELEMENT GEOMETRY IS THE SAME AS THAT SHOWN ON FIGURE 3-39 

FIGURE 3-48 SHEAR STRESS DISTRIBUTION ON LEADING EDGE SKIN PANEL - 
ULTIMATE LOAD CASE II 

LOWER 
BEAM 

RIB I' 

NOTE: STRESSES AND GEOMETRY BASE ON 30" SPAN MODEL I 

HOWEVER, RESULTS ARE APPLICABLE TO CURRENT 
DESIGN. 

FIGURE 3-49 SHEAR STRESS DISTRIBUTION ON LEADING EDGE DUE TO 
THERMAL LOAD - t = 400 SEC. ULTIMATE 
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A summary of margins of safety for  the 15 inch span Prototype 
leading edge segment is  given on Figure 3-38 for the assumed design 
allowables. 
test  data (reduced 33%) to provide the updated margins of safety l isted 
in Table 3-10 .  The revised data shows the minimum margin of safety 
to be 5% for tension in the r ibs  and 13% for r i b  compression s t r e s s .  
Skin panel shear  s t r e s ses  produce a margin of 69y0, while a l l  other 
a r e a s  of the panel also have comfortably high computed margins.  

These have been converted in t e r m s  of the more  recent 

3 .  5 .  3 Thermoelastic Analysis 

Thermoelastic analyses were  performed on the airload panels 
and r ibs  for  conditions producing maximum thermal  gradients encountered 
during entry. The NASTRAN computer routine, discussed previously, 
was used for  these analyses and included the effect of temperature  
dependent properties.  The airload panel was modeled in a fashion 
s imi la r  to that for  the airloads analysis, but a finer grid, shown in 
F igure  3-50 was employed to describe the ribs.  The gr id  size for  the 
skin panel is indicated by the plot of resultant shear  s t r e s s e s  shown in 
Figure 3-49 .  

The most  severe  temperature  gradients in  the airload panel 
skin occur at the maximum temperature condition 420 seconds after 
initiation of entry (measured f rom 400, 000 feet altitude). The r ibs  
w e r e  analyzed for  two conditions: (1)  maximum gradients a t  240 seconds 
af ter  initiation of entry, and (2 )  maximum temperatures  occuring approxi- 
mately 380  seconds after entry (reference,  section 3 . 4 . 2 ) .  
a r e  thermoelastic s t r e s s e s  high. 
of thermal  expansion and low elastic modulus of R P P ,  a s  well a s  smal l  
g r a  di ent s . 

In no case  
This is attributed to the low coefficient 

The maximum skin shear  s t r e s ses  computed a r e  shown in Figure 
3 - 4 9  for the thermal  profile of F igure  3-21 .  
shear  s t r e s s e s  a r e  very smal l  with the maximum value being only 216 
psi.  
ficant not exceeding 510 ps i  a s  can be noted in  Figures  3-51  and 3 - 5 2 .  

As previously pointed out, 

Axial s t r e s ses  in the skin were  found to be correspondingly insigni- 

Rib s t r e s ses ,  computed f rom the gradients given in F igures  3-22 ,  
3 -23 ,  and 3 - 2 4  a r e  illustrated in F igure  3-53 .  The r ib  model, F igure  
3-50 is comprised of bar  elements a t  the skin-rib intersection and 
membrane elements for the remainder of the rib.  The s t r e s s e s  were  
found to be reasonably smal l  with the maximum value being compression 
of the r ib  flange ( 2 5 8 0  psi)  in the stagnation region at  380 seconds after 
initiation of entry. Maximum computed tensile s t r e s s  is 1110 psi on the 
flange and occurs during initial heatup ( 2 4 0  sec.  after initiation of entry).  
These low s t r e s ses  a r e  apparently due to the relatively smal l  r ib  
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FINITE ELEMENT MODEL OF THE 
USED FOR THERMAL GRADIENT 
ANALYSIS 

Y -156 

D ELEMENTS 

i OUTER PERIMETER ONLY 
(TO SIMULATE THERMAL 
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MEMBRANE ELEMENTS - REF. PAGE A-2 r 
EXPANSION OF THE X 
SKIN) - REF. PAGE A-3 

FIGURE 3-50 RIB THERMOELASTIC MODEL 
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FIGURE 3-51 THERMOELASTIC STRESSES IN SKIN HOOP DIRECTION t = 400 SEC 
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FIGURE 3-52 THERMOELASTIC STRESSES IN SKIN SPANWISE DIRECTION t = 400 SEC . 
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0 temperature gradients (300  F maximum) experienced by the delta wing 
vehicle and the character is t ics  of the material .  Only in the attachment 
a rea ,  which i s  a fairly localized region, a r e  gradients large,  but these 
do not significantly effect overall  r ib s t r e s ses .  The attachment region 
will require a more  detailed examination to ensure that a local thermo- 
elastic s t r e s s  problem does not exist .  

The thermoelastic analyses conducted assumed the init ial  
temperature  of the leading edge and support s t ructure  to be at  room 
temperature.  
assuming the wing support s t ructare  tc be at  either cold o r  hot soak 
conditions. However, these s t r e s ses  a r e  so configuration oriented that 
they were  neglected for  this assessment  of thermoelastic s t r e s ses .  
Should thermal  s t r e s ses  in the r ibs  ever become significant, slotted 
upper lug holes could be employed to provide relief.  

Additional s t r e s ses  could be induced in the R P P  by 

Each leading edge segment is fixed at  the inboard end and is f r e e  
to expand outboard. 
expansion of the hot airload panel relative to the cool support s t ruc ture  
to which the panel is attached. F r o m  NASTRAN computations, spanwise 
expansion is given in  F igure  3-54 for a l l  spanwise elements around the 
leading edge. 
stagnation region, when the wing lower support s t ructure  is at  approxi- 
mately 180°F. 
assumed to be -1700F. 
because of the lower operating temperature.  
lug would be expected to slide a maximum of 0.05 inch, while the upper 
lug will slide less than 0 .03  inch for  a 15 inch span segment. 
ment is relatively smal l  and easily accommodated by the expansion gap. 

The total  expansion allowance is based on the thermal  

This shows a maximum overall  growth of 0.064 inch at  the 

The initial orbital  temperature  of the skin panel was 
At the lug regions the expansion is less a s  shown 

The lower outboard "floating" 

This move- 

Lug reactions computed for the thermal  s t r e s s  conditions a r e  
tabulated in F igure  3-55. 
those computed for the airloads conditions and given in  F igure  3-34. 

These a r e  a lso very smal l  in comparison with 

A summary  of the significant margins  of safety for  thermal  s t r e s s e s  
is included in Table 3-10. 
for compression in  the r ibs .  

This indicates the minimum margin to be 20670 

3. 5.4 Dynamic Analysis - Prototype Leading Edge 

The leading edge must  ultimately sustain vibration and acoustic 
noise dynamic environments, a s  well a s  r e s i s t  f lutter.  
curved geometry and difficulties in describing the local environmental 
conditions, the leading edge is not amenable to flutter analysis and there-  
fore  requires  flutter testing, which i s  beyond the scope of the current  

By virtue of the 
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15” SPAN 

15,I-j NODE 1 

DEFLECTIONS (IN X lo2) 
FIGURE 3-54 PANEL EXPANSION AT MAXIMUM TEMPERATURES - 400 SECONDS 

U L T  LOADS 

Yl 
F 

‘ I  

19.2 -38.3 19.3 R I B  

380 SECONDS -62.8 21.2 62.8 -21.2 R I B  

240 SECONDS 38.3 

44.8 -21.7 RIB-SKIN 400 SECONDS -44.8 21.1 

FIGURE 3-55 HINGE POINT REACTIONS - THERMAL LOADS 
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program. 
dynamic environments on design, a vibration analysis was conducted 
on the 15" span Prototype configuration, using 32 GRMS a s  an x, y, and 
z axis input level to the support lugs. 
acoustic noise environment i s  given in Figure 3-10. 

However, to obtain a "feel" for the significance of the 

The spectral  distribution of the 

Results show that the maximum computed one-sigma s t r e s s  level 
is  4412 psi ,  which is a local flexure s t r e s s  experienced on the lower 
fixed lug. 
ra ther  than an actual s t r e s s .  
and can readily be reduced to a safer  level. 
computed is only 1510 psi ,  occurring in the r ibs  and beams. 
excellent fatigue properties being exhibited by coated R P P  (Section 5. 2) 
these s t r e s s  levels are  not ser ious even when a two-sigma level of 3020 
ps i  i s  considered. 
i s  2 2  Hz. The mode associated with this frequency i s  pr imari ly  bending 
in  the "Z I f  direction. 

This high local s t r e s s  level may be m o r e  the result  of modeling 
In either event the s t r e s s  i s  highly localized 

The next highest s t r e s s  
With the 

The lowest natural  frequency for the leading edge 

The vibration analysis employed a finite element computer routine 
using 196 degrees of freedom to define the motion of the panel. Elements 
were  composed of triangular and quadrilateral  plates, and general  beams. 
The plates c a r r y  membrane and bending loads and simulate orthotropic 
properties,  while the general  beams have bending capability in two planes, 
a s  well a s  axial and torsional stiffness. 
the velocity field was assumed proportional to the displacement field, 
which is r e fe r r ed  to a s  "consistent". The nodal locations used in  the 
analysis of the leading edge a r e  pictured in  F igure  3-56, while the spatial 
coordinates a r e  l isted in Table 3 - 11. 
for  analysis were  those used for static analysis of the Prototype leading 
edge and a r e  summarized in Section 3 .  5. 1. 
coefficient was assumed to be 570 of cri t ical .  

In developing the stiffness mat r ices  

Orthotropic properties assumed 

The s t ructural  damping 

Maximum RMS s t r e s s  values computed for the skin, r ibs ,  and 
beams are plotted in Figure 3-57 .  
values. Skin s t r e s s  peaks at  650 psi  and is due to response to the ver t ical  
loading direction. Rib and beam maximum s t r e s s e s  a r e  1497 psi  and 1510 
psi ,  respectively. The r ib  i s  cr i t ical  for fore  and aft vibration, while 
the lower beam receives maximum s t r e s ses  f rom response to side a s  well 
a s  fore  and aft loading. 

These show the envelope of maximum 

The lower fixed lug region i s  a lso cr i t ical  for  side (y)  loading and 
produced a local bending s t r e s s  of 4412 psi. 
that other elements in the lower lug region do not exceed 1775 psi  and the 
maximum value on the upper lug i s  only 1281 psi. 
on the lower lug and upper lug i s  67 lb. and 50 lb., respectively. These 
values would not suggest the wide variation between computed s t r e s ses  

This appears high considering 

In addition the side load 
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1 

FIGURE 3-56 SPACE SHUTTLE LEADING EDGE NODAL LOCATIONS - 
VIBRATION ANALYSIS 

1 4 5 6 7 8 9 10 
REFERENCE POSITION (REF FIGURE 3-56) 

FIGURE 3-57 VIBRATIONALY INDUCED STRESS ENVELOPE OF RMS VALUES 32 GRMS 

111 



T A B L E  3 - 1 1  

S P A C E  S H U T T L E  LEADING EDGE P A N E L  
NODE S P A T I A L  LOCATION 

NODE 
NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
2 4  
25 
26 
27  
28 
29 
30 
3 1  
32 
3 3  
34 
3 5  
36 

X 

0.0  - . 3 3  
0.0 
6. 14 

11.95 
16.55 
18.00 
17.05 
14.29 
11.00 
10.10 
9.45 
0.0 
6. 14 

11.95 
16.55 
18.00 
17.05 
14.29 
11.00 
0.0 - . 3 3  
0 .0  
6. 14 

11.95 
16.55 
18.00 
17.05 

- Y 

0.0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
7.50 
7. 50 
7. 50 
7.50 
7. 50 
7. 50 
7.50 
7.50 

15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 

- 

14.29 - 15.00 
11.00 15.00 
10. 10 15.00 
9.45 15.00 

10.72 15.00 
.90  15.00 
. 9 0  0.0 

10.72 0 .0  

Z 

0.0 
1. 50 
4.25 
1 .81  
4 .38  
8 .69  

13.  18 
17.57 
21 .41  
24.00 
22.77 
20.89 

0.0 
1.81 
4.38 
8.69 

13. 18 
17. 57 
21 .41  
24.00 

0.0 
1. 50 
4.25 
1 .81  
4. 38 
8.69 

13. 18 
17.57 
21.41 
24.00 
22.77 
20.89 
21.52 

3.00 
3.00 

21.52 

- 
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f o r  the two lug regions. It is therefore believed that the 4412 ps i  
value is due pr imar i ly  to modeling problems ra ther  than being a r e a l  
value. However, in the event that the value is realist ic,  it  can be 
reduced to a m o r e  acceptable level (approximately 2000 psi)  with slight 
geometry o r  stiffening changes. 

Lug reactions a r e  summarized in Table 3-12 .  These a r e  very 
low compared with lug loads computed for the static load conditions 
(reference Section 3 .  5 .  3 ) .  
could offer a potential problem a r e a  by bending of the lug, but this can 
be improved by locally strengthening o r  clamping the lugs that c a r r y  
side load. 

Only the side load case discussed previously 

In summary the vibration loads appear to be no ser ious factor in 
leading edge design except for the side load carrying lugs. This should 
be particularly t rue  in view of the excellent res is tance to fatigue loading 
demonstrated by coated R P P  (section 5 . 2 ) .  While no vibration testing 
will be conducted in Phase 11, i t  is believed that this should ultimately 
be performed on the Prototype leading edge to  verify acceptability of the 
leading edge design and the analytical predictions. 

3 . 5 . 5  Conclusions 

As a result of performing these s t ruc tura l  analyses a number of 
conclusions can be drawn. These a r e :  

(1) Airloads during boost establish the design of the leading edge 
and determine thickness requirements.  

(2 )  Thermally induced s t r e s ses  are  less than half of the load 
induced s t r e s s e s  and should pose no ser ious problem. 

( 3 )  Leading edge segments in the optimum size range do not 
require  intercostals,  intermediate r ibs ,  o r  excessive 
thickness to efficiently r e s i s t  design pressures .  
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U p p e r  Lug 

L o w e r  Lug 

L o w e r  Lug  

U p p e r  L u g  

U p p e r  L u g  

L o w e r  Lug  

L o w e r  Lug  

U p p e r  L u g  

U p p e r  L u g  

L o w e r  Lug  

L o w e r  Lug  

U p p e r  Lug 

T A B L E  3-12 

S P A C E  S H U T T L E  ORBITER LEADING EDGE 
R E A C T I O N  A T  A T T A C H  POINTS 

R M S  LIMIT LOAD VALUES 

RESPONSE IN X - DIRECTION 

F F 
X Y 

LBS - NO DE L B S  

33 24. 7 - 
34 33.6 - 
35 33.3 4. 1 

3 6  24.4 6 .4  

R E S P O N S E  IN Y - DIRECTION 

3 3  21.8 - 
3 4  24.2 - 
35 23.4 67.2 

36  20.0 50.0 

R E S P O N S E  IN Z - DLRECTION 

33 6 .7  - 
34 14. 7 - 
35 14.0 3 . 1  

36  5.8 4. 4 

F 
Z 

L B S  

5.6 

14.8 

15.5 

5.8 

4 .8  

11.1 

9 . 2  

4 .9  

11.5 

11.5 

11.8 

11.6 
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4.0 MATER IALS DEVELOPMENT 

At the conclusion of Phase I i t  had been established that diffusion 
coatings applied to laminates fabricated f rom WCA graphite cloth offered 
the best  solution to the Shuttle leading edge thermal  and s t ructural  
requirements.  An alternate coating system, employing melt  impregnation 
of a mixture of hafnium and tantalum also showed promise for limited 
applications, where surface temperature  reached 4000°F. Two diffusion 
coating systems f rom the Phase  I development program appeared to have 
the potential of meeting the 100 mission life goal for  the leading edge 
application. These coatings were  the siliconized s y s t m  and the zirconium' 
boron. silicon (ZBS) system. Each had i t s  good and bad features.  

The siliconized coating showed superior oxidation resistance,  when 
tested in a plasma a rc ,  but indicated a potential low temperature  sub- 
surface oxidation problem when exposed to furnace heating in a i r  up to 
2300'F. 
tu re  region. 
exposure o r  temperature  conditions where strength was concerned but 
lacked the high temperature  erosion resistance of the siliconized system. 
Fur ther ,  the ZBS system suffered f r o m  non-uniformity and poor repro-  
ducibility, prcjbably aggravated by the two stage coating process  employed. 

Fur ther ,  low strength apparently existed in the 1400'F tempera-  
The ZBS coating by contrast  was insensitive to furnace 

Init ial  Phase  II activity concentrated on these two  diffusion sys tems 
and sought to improve their  deficiencies. 
siliconized sys tem problems included addition of boron as a low tempera ture  
oxidation retardent,  and variations to the mater ia ls  and process  while s t i l l  
relying on the basic coating constituents of alumina, silicon carbide, and 
silicon. It was believed that the solution to the ZBS coating deficiencies 
lay in  the ability to fabricate the system in a one stage operation, where 
each ingredient would be introduced into the substrate  in a single coating 
run. 

Principle approaches to the 

Success in reducing low temperature  oxidation was achieved on the 
siliconized sys tem before the ZBS coating could be improved satisfactorily. 
Investigation of the ZBS coating was therefore terminated to permit  ful l  
concentration of effort on fur ther  development of the siliconized coating. 
Strength data on the selected siliconized R P P  system shows improved 
strength over the Phase  I sys tem and proves that there  a r e  no low strength 
temperature  regions. 

Another possible means of improving low temperature  oxidation 
resis tance of the siliconized sys tem is to modify the substrate  for better 
compatibility with the coating character is t ics .  
WCA graphite laminate were  examined in an effort to increase the thermal  
expansion and sur face  density. These two effects were  expected to reduce 

Variations of the baseline 
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crazing and re ta rd  the migration of oxygen into the substrate. 
these have not proved successful, although continued exploration along 
these lines should be pursued. 

However, 

The Phase I leading edge design concept required the use of bonded 
intercostals to achieve s t ructural  efficiency. 
been eliminated on the Phase  11 design; however, bonding studies 
were  conducted in Phase  I1 to develop the technology for  use in bonding 
trailing edge sea l  s t r ips .  These show highly encouraging results.  Rivets 
fabricated f rom R P P  mater ia l  were  also being examined. The feasibility 
of fabricating r ivets  and using them in a component has now been demon- 
strated.  

This requirement has since 

Attempts to achieve high mission life for the hafnium. tantalum 
coating proved disappointing, when exposure in the plasma a r c  facility 
showed mission life to be limited to about six missions. 
sys tem could be employed in limited a reas .  

Still, this coating 

The following sections elaborate on each of these topics. P r o b l e m s  
solutions and conclusions are discussed. Final  tes t  resul ts  on the selected 
mater ia l  sys t em a r e  covered in Section 5.0. 

4.1 R P P  SUBSTRATE 

Phase  I and Phase  I1 development effort established mater ia ls  and 
It has been demonstrated processes  for general  substrate requirements.  

that configurations of par ts ,  that would present some challenges even in 
conventional f iberglass reinforced plastic layup, can be successfully 
fabricated f r o m  prepreg graphite fabric.  Complex par t s  have been ca r r i ed  
through all required cure,  pyrolysis, and reimpregnation - repyrolysis 
strengthening processes ,  and have been successfully taken through the 
s t i l l  higher temperature  processing required for diffusion coating reactions 
and heat treatment. Processing has not imposed any serious constraints on 
desired designs, and in  fact has offered such lattitude that design features 
could be selected for  simplicity, economy, and ease of fabrication. 

4. 1. 1 Baseline System 

The WCA graphite cloth/R-120 phenolic res in  prepreg sys tem 
remains  a s  the baseline substrate material .  
character is t ics  such a s  tack and drape, which in most  cases  can be con- 
trolled by degree of res in  advancement (B-stage),  a r e  well defined in VMSC 
mater ia l  specification 307-7-7. 
mater ia l  i s  presented in Figure 4-1. 

Basic mater ia l  lay up 

A process  flow chart  of the substrate R P P  
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Lay-Up - Pl i e s  of graphite phenolic prepreg cloth a r e  tailored 
to conform to the outside surface a r e a  of the part .  
placed in a mold one ply at a t ime and hand rolled for initial compaction. 
In o rde r  to improve surface quality for  subsequent coating application, 
higher debulking p res su res  using molding type dies and p r e s s u r e  bags 
a r e  desirable.  It has been noted that the present  r e s in  content may be 
slightly excessive for this type of debulking and lower levels should be 
investigated. 
corner  rad i i  of pa r t s  has been investigated and shows promise.  
method incorporates an RTV silicone s t r ip ,  pre-molded to the desired 
inside radius shape, which is inser ted after lay-up and pr ior  to bagging. 
These s t r ips  give a localized matched die effect in these wrinkle prone 
a reas .  
the pre-molded s t r ips .  

These plies a r e  

A method for improving surface conditions at  the bend 
This 

Fur the r  improvements a r e  needed a t  the termination points of 

- Cure  - VMSC process  specification 308-7-10 requi res  vacuum 

The temperature  profile was developed as a function of pa r t  
p re s su re ,  augmented by an additional 70 ps i  autoclave p r e s s u r e  during 
cure.  
thickness and mold mass to a s s u r e  complete cu re  through the pa r t  and 
proper  outgassing during res in  flow and cure.  Outgassing during the 
curing p rocess  is not considered a problem with thin laminates (13 
pl ies) ;  however, thick laminates do not outgas easi ly  during cu re  and 
m a y  requi re  a m o r e  specialized "step'( cure  cycle o r  an interrupted 
p r e s s u r e  cycle to aid the removal  of volatiles. It has a l so  been noted 
that the strength of R P P  laminates is sensit ive to thickness. Thiner 
laminates have been found to have a lower measured  flexure strength, 
a s  indicated in Table 4-1. 

TABLE 4-1 
STRENGTH OF R P P - 3  LAMINATES 

OF VARIOUS THICKNESSES 

F lexur e 
Number of Thickness Strength 

Plies Inches ps i  

5 .068 13,790 

9 .120 16,050 

13 . 192 19,270 

This  condition may be due to excessive r e s in  bleed out during the curing 
operation. 
either the ve ry  thick or very thin laminates, some production hardware 

Although the current  leading edge design does not employ 
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designs may require a wider range of laminate thickness and should 
be examined to establish the technology. 

Postcure and Pyrolyzation - Following cure ,  s ta te  of the a r t  
practice is to post cure  and pyrolyze the pa r t  through a stepwise t ime-  
temperature  profile up to a maximum temperature  of 1500'F. 
of temperature  increase i s  slow to permit  the decomposition gases  
formed during the pyrolyzation of the res in  polymer to escape at  a ra te  
slow enough to avoid delamination due to build up of internal pressure .  
Conversion of the cured phenolic binder res in  to a carbon s t ructure  
resul ts  in a marked  reduction in strength a s  indicated in Table 4-2. 

The r a t e  

Impregnation and Repyrolysis - Because of the low strength value 
of the a s  pyrolyzed (RPP-0) material ,  reimpregnation and repyrolysis 
processing s teps  were  developed to increase strength of the laminate 
and to decrease  laminate porosity for  better coating conversion. These 
additional processing steps develop the desired resul ts  through densifi- 
cation of the carbon binder system. Impregnation is accomplished by 
placing the pa r t  in a closed chamber, drawing a vacuum to remove a l l  
a i r  f r o m  the pores ,  and then flooding the par t  with the catalyzed furfuryl 
alcohol. An 80 ps i  positive p re s su re  is then employed to drive the res in  
into the small pores  of the pyrolyzed laminates. The par t s  a r e  removed 
f r o m  the chamber,  the excess res in  removed f rom the par t s  by blotting 
with paper towels, and the par t  is cured in  an  autoclave at  80 to 100 ps i  
fo r  1 hour a t  300°F. 

After cu re  the pa r t s  a r e  again post cured and pyrolyzed using the 
same  procedure a s  used for  the as-cured par ts .  
each successive step up to a limit. 
is i l lustrated by the data of Table 4-2, which was taken f rom mater ia l  
processed with the prototype leading edges. Fur ther  reimpregnation/ 
repyrolysis s teps  to produce RPP-4 o r  RPP-5  can be performed but the 
r a t e  of strength increase  is reduced and the r isk of delamination is grea te r  
above the RPP-3  stage. This i s  due to increased chances of trapping decom- 
position gases,  that have caused delamination. 
by RPP-3  i s  satisfactory for Shuttle leading edge or  body panel components. 

Strength increases  a t  
A typical example of this improvement 

Fur ther ,  strength afforded 

Defects Possible - Delamination and a r e a s  of high porosity a r e  
the major  defects that a r e  periodically found in simple R P P  shapes. 
Both conditions can be seen in F igure  4-2 when compared to the acceptable 
laminate shown in Figure 4-3. 
mersion in carbon tetrachloride has been determined a s  an acceptable NDE 
method for detecting these types of defects. Light a r e a s  in F igure  4-4 
i l lustrate delaminations discovered by the x-ray technique. Ultrasonic 
techniques have also been found to be useful in detecting these defects. 
This i s  discussed in detail in Section 6 .0 .  

A radiograph technique requiring sub- 



FIGURE 4-2 RPP LAMINATES SHOWING DELAMINATION AND 
AREAS OF HIGH POROSITY 1OX MAGNIFICATION 

FIGURE 4-3 ACCEPTABLE RPP LAMINATE 
1 OX M AGN I F ICATION 
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. .  

X-RAY PHOTOGRAPH OF SECTION FROM PANEL 2-1 

PHOTOGRAPH OF SECTION FROM ABOVE PANEL SHOWING DELAMINATION 

FIGURE 4-4 ILLUSTRATION OF A DELAMINATION DEFECT 
5X MAGNIFICATION 
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TABLE 4-2 

STRENGTH OF R P P  SUBSTRATE 
MATERIAL AT VARIOUS PROCESSING STEPS 

Flexure Strength 
P rocess  Step :: PSI 

As cured 20,780 

R P P - 0  (After 1st  pyrolyzation) 4,300 

R P P - 1  (After one impregnation and repyrolysis 9,630 

R P P - 2  (After two impregnation and repyrolysis 

steps) 

steps) 

steps) 

14,820 

RPP-3  (After th ree  impregnations and repyrolysis 17,900 

hk Average flexure strength of control specimens processed with 3 different 
leading edge segments. 
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Delamination i s  caused during pyrolysis when the decomposition 
gas  p re s su re  exceeds the interlaminar strength of the part .  Excessive 
gas p re s su res  can be developed when (1) volatiles, trapped during cure,  
expand, ( 2 )  rapid pyrolysis occurs ,  ( 3 )  l i t t le o r  no porosity is available 
for  the gas to escape, o r  (4) the gas escape path is too long, such a s  
found in la rge  thick laminates. Low interlaminar strength is usually 
associated with very high or very  low between-ply thicknesses. 
thickness " produces excessive low strength res in  char  while "low thickness I '  

produces insufficient bonding between plies. 
by (1)  r e s in  r ich  a reas ,  ( 2 )  entrapped gases  during cure ,  and ( 3 )  a r eas  of 
insufficient res in  (voids). Processing procedures have been developed to 
minimize these defects; however, additional work is required to eliminate 
defects and establish processing variations for  thicker laminates. 

"High 

Areas  of high porosity a r e  caused 

Trapped volatiles a r e  minimized during cu re  by allowing res in  
and volatile bleed-out through perforated cellophane into fiberglass and 
canvas bleeder mater ia l ,  and by limiting curing p res su re  to 80 psi. 
These molding conditions also produce some porosity which is available 
as a gas  escape path during pyrolysis. 
a stepwise postcure and pyrolysis cycle over a 96 hour period. 

Rapid pyrolysis is reduced through 

Very large interlaminar thickness is  caused by high res in  content, 
insufficient debulking, low molding p res su re  o r  insufficient bleed out 
during cure.  Conversely, low interlaminar thickness is governed by 
low res in  content, over debulking o r  excessive r e s in  bleedout due to 
high molding pressure .  
quantitized values in  the process  specifications; however, debulking is 
s t i l l  somewhat of an a r t  and requires  a skilled operator to per form this 
task,  unless "stops" a r e  provided on debulking tools to control final thickness. 

Most of these variables a r e  controlled by 

Resin r ich  a r e a s  in the cured laminate can be caused f rom improper  
bleed out during cure,  low molding p res su re  and non-uniform re s in  content 
in  the prepreg start ing mater ia l .  During lay-up bleed-out variations for  
the removal of excess  res in  and volatiles is  examined and the molding 
p r e s s u r e  i s  closely controlled. However, some re s in  content variations 
in  the prepreg mater ia l s  have been noted. 

Areas  of insufficient res in  that resul t  in  voids in the cured lami-  
nates a r e  usually found in radius o r  wrinkled a r e a s  where improper  
debulking occurred o r  where low molding p r e s s u r e  resulted f rom 
"bridging" of the vacuum bag. Both problem a r e a s  require  trained 
operators  to recognize, identify, and overcome these deficiencies. 

4. 1.2 Processing Complex Shapes 

Processing R P P  into complex shapes has been demonstrated by 
VMSC but i t  requires  close attention of cer ta in  factors .  A number of 
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these factors  a r e  not unlike those encountered in  fiberglass reinforced 
plastic technology; however, their  severity o r  sensitivity to variables 
is increased in  the R P P  technology due to the lower strength of the 
graphite prepreg cloth and the demands of the subsequent conversion of 
the plastic binder to carbon. 

Improper debulking during lay-up will  resul t  in a r e a s  of excessive 

This is shown in F igu re  
porosity, delamination and wrinkles. 
sensitive to wrinkling f r o m  improper  debulking. 
4-5 for  a 90' corner  with a protruding wrinkle a t  the inside radius.  
These a r e a s  c rea t e  a region of excessive porosity in the carbon binder 
which is caused by r e s in  r ichness  between plies of graphite cloth. 

Areas  of smal l  radius a r e  very 

Specialized molding tools and layup techniques a r e  required to 
prevent wrinkling. The multi-piece tools shown in F igure  4-6 i l lust rate  
those developed for  debulking and autoclave cu re  of a section of a Shuttle 
belly panel attachment concept (Reference (9 ) )  with ver t ical  reinforcing 
webs and joggle. 
wrinkle free pa r t  with good radii. 

It can be seen that this type of tooling resu l t s  in  a 

The design of the prototype leading edge and wing t ip sections do 
not lend themselves well  to the matched die type tooling used in belly 
panel fabrication because of trapped tooling and excessive cost. The 
design of the prototype leading edge, F igure  3-8,  shows the lay up pattern 
by ply used for  the fabrication of this par t .  
area was not considered to be particularly difficult to debulk, since auto- 
clave p r e s s u r e  and r e s i n  bleeding during c u r e  on this type of section is 
v e r y  efficient. However, the r ib  and beam closures  including the small 
corner  rad i i  were  considered problem a reas .  Since the pa r t  was l a rge  
enough to  allow hand working, the radius a r e a s  were  given an additional 
decompaction s tep using ro l l e r s  a f te r  the pa r t  was bagged and preheated 
to  150°F in an  autoclave. 
rad i i  but s t i l l  some wrinkling occurred. 
pa r t s  should be accomplished with p recas t  RTV shapes to f o r m  these 
rad i i  a s  was done with the wing tip panels. 

The l a r g e  gently curved center  

This technique aided the formation of the 
Fur the r  improvement of these 

Debulking of the wing t ip sections, F igure  7-1, was m o r e  difficult 
than for the leading edge because i t s  smal le r  s ize  excluded good hand 
ro l le r  compaction. Figure 4-7 shows the compaction aids used for  this 
par t .  
3 plies were  layed up in the main section of the part .  After the las t  ply 
was placed in the mold and debulked with the rubber plug, 
attachment sections were  formed by the meta l  debulking angles, F igure  
4-7, and clamping pressure .  
accomplished using the inflatable silicon rubber bag. 
pressur ized  to 50 psig and held for 30 minutes to allow final debulking 

The rubber plug was employed for  initial compaction af ter  each 

the end 

Fina l  debulking of the ent i re  layup was 
The bag was 
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FIGURE 4-5 A 9OO CORNER WITH WRINKLING AT THE INSIDE RADIUS 

FIGURE 4-6 MULTI-PIECE TOOL FOR FORMING A SECTION 
WITH VERTICAL REINFORCING WEBS 
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FIGURE 4-8 
RPP SECTION 
I L L USTR AT I N G 
DE LAM IN AT1 ON 

& DISTORTION 

FIGURE 4-7 
COMPACTION AIDS 
FABR ICATE WING 

TIP PANELS 

TO 

FIGURE 4-9 
G R APH I TE R EST R A I N I NG 
FIXTURES USED DURING 

PYROLYZATION OF A 
BELLY PANEL 
COMPONENT 
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to occur.  
placed over the lay-up p r io r  to bagging to f o r m  the radius a r e a s  during 
cure.  Good rad i i  were  formed in  this manner;  however, a slight "step" 
was apparent a t  the termination points of the silicone s t r ips .  It is 
believed that these s teps  can be eliminated by tapering the s t r ips  to less 
than .001 inch during the casting of the RTV. 

P r e c a s t  silicone s a l  s t r ips  shown in F igu re  4-7 were  then 

Two major  problems, delamination and distortion, can occur 
during the pyrolysis  cycle when the binding r e s in  is converted to carbon. 
Both of these conditions are shown in F igure  4-8. 
these,  delamination, is due to internal  p r e s s u r e  of the decomposition 
gasses  exceeding the inter laminar  strength of the laminate. The causes  
of this condition are  usually c rea ted  during lay-up by improper  bleeding 
during cure,  under debulking, over debulking o r  thick lay-up over la rge  
surface a r e a s .  Distortion, which occurs  as a resul t  of pyrolyzation, 
can be controlled with proper  restraining tools. 
res t ra ining tools to control distortion a r e  shown in F igure  4-9. 
were  used to f o r m  a belly panel having seve ra l  r ibs  (Reference (9 ) ) .  
Shaped graphite res t ra ining tools w e r e  a l so  used during the pyrolyzation 
of the prototype leading edge sections and the wing t ip  sections. 
a r e  shown in Section 7.0. 

The most  s eve re  of 

Typical graphite 
These  

These  

F r o m  the resu l t  of having fabricated two complex belly panels 
(Reference (9)), t h ree  prototype leading edge panels, th ree  curved seal 
s t r ips ,  and two small wing t ip panels, it is concluded that the designer  
has  considerable lattitude in designing pa r t s  fabricated f r o m  coated R P P .  
In general  i t  may  be stated that p a r t s  that can be fabricated with f iberglass  
can likewise be fabricated with R P P .  

4.1.3 Laminate Improvement 

The siliconized coating on R P P  shows superior high temperature  
oxidation res i s tance  to any other coating sys tem tested under repeated 
exposure in plasma a r c  tes t  conditions. However, there  is experi-  
mental  evidence that a mismatch in  thermal  expansion and contraction 
exis ts  between the unreacted carbon ma t r ix  substrate  and the outer 
portion which has  accepted the diffusion coating. 
R P P  substrate  to achieve improved expansion and density compatibility 
with the coating sys tem is desired.  

Modification of the 

Two approaches investigated were  (1) reduction of porosity on the 
laminate surface to decrease  the ability for  oxygen to diffuse through the coatin 
to the bare  substrate  and ( 2 )  improve most  of the thermal  expansion 
match between coating and substrate.  

Methods to Reduce Porosi ty  - R P P  laminates in the R P P - 2  s ta te  
were  impregnated with a carbon filled furfuryl alcohol sys tem to reduce 
surface porosity during the final R P P - 3  processing step. Initial t r i a l s  



showed that deep impregnation of the f i l ler  carbon was not achieved, 
because the fine particles of carbon fi l tered out of the furfuryl alcohol 
and remained on the surface while the res in  achieved deep penetration 
into the R P P  substrate.  Pyrolysis resulted in  severe "mud-cracking ' ' 
of the concentrated surface carbon. 
to be more  satisfactory was to f i r s t  impregnate the substrate with fur -  
furyl res in  and then coat the surfaces with a res in/carbon mix. 
produced a smoother surface and appeared to be less  porous. 
crazing was apparent after coating. 

An additional approach which appeared 

This 
However, 

Another possible approach to improving surface porosity was to 

This should minimize surface i r regular i t ies  and change the porosity 
mold laminates with the outer plies of cloth being of finer weave than the 
WCA. 
character is t ics  a t  the surface. W C L  graphite cloth with an 8-hardness 
satin weave was chosen for  this investigation because of i t s  fine, c lose 
weave. 
priorit ies.  

However, this work was not completed due to more  pressing 

In addition to surface porosity, i t  has been observed that both la rge  
and small pores are  formed during the f i r s t  pyrolyzation cycle. The 
impregnation and repyrolysis of furfuryl alcohol was initially developed 
to increase  laminate strength by reforming an interface bond between 
reinforcing f ibers  and matrix carbon. 
pores  formed within the fiber bundles af ter  pyrolysis, but although 
furfuryl alcohol does an excellent job of filling smal l  pores,  l a rge  porosity 

the siliconized coating an  investigation to f i l l  large pores should be initiated. 

Fur fury l  alcohol fills the small 

- is only slightly filled. It was felt  that to aid the compatibility of R P P  with 

The approach employed involved the use of high char  yielding 
mater ia ls  and materials of high viscosity to selectively attack only the 
la rge  pores  during impregnation. 
r e s in  impregnated into RPP-0 was one technique employed. 
nation was accomplished by using a viscous solution of pulverized pitch 
in toluene. 
panels and then impregnated with furfuryl alcohol before pyrolyzation. 
A fine particle suspension of phenolic i n  furfuryl alcohol, p re s su re  
impregnated into RPP-0, cured and then pyrolyzed was another approach 
used. Both the pitch and the phenolic impregnated specimens were  given 
two ad& tional furfuryl alcohol impregnations and pyrolysis cycles to 
advance them to the RPP-3 state. 

Petroleum pitch and powdered phenolic 
Pitch impreg-  

After impregnation the toluene was evaporated f rom the R P P  

The flexure strength of the laminates resulting f rom these investi- 

One explanation is that the treatments sealed the porosity, 
gations a r e  l isted in Table 4-3. 
a r e  scattered. 
thereby preventing normal  impregnation efficiency and hence, more  
scat tered values. 
and 013-7 where the higher percentage of carbon black produced lower 

It can be seen that the flexure strengths 

This theory is supported by a comparison of 0 13 -6 
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strength. 
against reimpregnation. 

This i s  believed due to carbon black acting a s  a ba r r i e r  

The effectiveness of porosity control studies were  directly shown 
by their coating response. A l l  the specimens l isted in Table 4-3 were  
crazed to a grea te r  o r  l e s se r  degree except numbers 013-5, 6, and 7 .  
Number 013-7 showed no detectible crazing while 013-5 and 013-6 
exhibited varying amounts a s  noted. 
excessive amount of coating was found on these ser ies  of specimens a s  
indicated by weight percent coating. 
cycling in an oxidation environment caused no observable increase  in 
crazing. 
drawn regarding potential laminate improvements by the avenues explored. 
Those few cases  which showed little o r  no crazing could not be interpreted 
a s  improvement because excessive coating weight gains occurred and the 
strength was low. 

It should also be noted that an 

Subsequent treatment by thermally 

At this point no conclusions based on crazing observed can be 

Strength behavior was mixed for  the coated flexure bars  in the a s -  
processed state. 
reduction, when compared with their  uncoated values. 
is normal. 
their  flexure strength. 
noted for  systems 013-5, 6 ,  and 7 showed an improvement in strength 
after thermal  cycling. 
low weight losses  associated with thermal  cycling. 

In all cases ,  the coated composites showed a strength 

Thermal  cycling of these composites in  air further changed 
This, of course,  ' 

It is interesting to note that the low strengths 

As noted in Table 4-3, these specimens also had 

Methods to Adjust the Thermal  Expansion Character is t ics  of the 
- R P P  - Pas t  experience has shown that the coefficient of thermal  expansion 
(CTE) of R P P  mater ia ls  can be lowered and made m o r e  stable by heat 
treating to 450O0F. Four  heat t rea t  temperatures  were  selected to deter-  
mine if  a par t ia l  stabilization could be obtained that would enhance R P P  
coating compatibility. 
3600°F, 3900°F, and 4500°F for one hour. These substrates were  then 
coated by an ear ly  Phase I1 siliconizing process  and strengths were  
determined. Flexure strength results,  shown in Table 4-4, indicate that 
no advantage is gained due to heat treatment and therefore current  character i -  
zation test  data for siliconized R P P  was obtained on mater ia l  which is not 
heat treated pr ior  to coating. 

R PP test  specimens w e r e  heat t reated at  3400°F, 
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TABLE 4-4 
FLEXURE STRENGTH O F  HEAT TREATED AND SILICONIZED R P P  

Heat Trez t  Condition 

No heat t rea t  above 
p y r oly z a t ion temp e r a  tur e 

3400°F heat t rea t  

3600°F heat t rea t  

3900°F heat t rea t  

4500°F heat t rea t  

F lexure  Strength PSI 

8,960 
8,450 

8, 130 
5,360 
6,990 
6,820 

7 ,000  
8,000 

7,670 
6,260 

Cross  ply laminate mater ia l  has been fabricated and examined a s  
an  additional approach to CTE modification. 
of paral le l  laminates show a slight difference between the warp and f i l l  
direction (Reference ( 6 ) ) .  Fabricating a laminate with the warp of each 
ply 90' to the previous ply resul ts  in a laminate with equal properties in 
both directions. The c ross  ply laminates were  processed  to the RPP-3  
s ta te  pr ior  to coating (i tems 013-8, Table 4-3). 
laminates was severely crazed and w a s  not considered an improvement 
method. 
coating, the lines a r e  invariably aligned with the warp  and f i l l  axes, but 
never at  some other angle. 
isotropic lay up may change the expansion mismatch of the coating and 
substrate,  and m o r e  closely match the 45 
paral le l  lay up laminate, thus avoiding crazing. Evaluation of isotropic 
mater ia l  will be made in the future. 

Results of CTE measurements  

The coating on these 

However, i t  has been observed that when crazing occurs  in a 

This prompts the speculation that perhaps an 

0 expansion properties of a 

In summary,  the depth of coating achieved on the laminate improve-  
ment specimens tended to mask  the t rue  potential benefits to be derived 
f r o m  alternate substrate processing. However, it  appears that initial 
reimpregnation with phenolic r e s in  and furfuryl alcohol will enhance R P P  
strength. 
f o r  coated R P P ,  but a l l  strengths including that of the control specimens 
w e r e  lower than values currently being obtained. 
that these experiments should be repeated under m o r e  controlled processing 
before firm conclusions a r e  drawn. 

Heat treating before coating showed no strength improvement 

It i s  therefore  believed 

4.2 BONDING AND RIVETING 

Bonding and riveting a r e  commonplace in present a i rc raf t  design. 
These fabrication and assembly methods, when used in conjunction with 

. . . .  
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laminated par ts ,  add a high degree of freedom to design shapes, which 
may otherwise be impossible to fabricate, due to limitation of processing 
and mold designs. It is evident, that if a bonding o r  riveting method could 
be developed for  RPP ,  having the same high temperature res is tance of 
the R P P  material ,  new design concepts could be considered. 
examined both of these fastening techniques with encouraging resul ts .  

VMSC has 

Bonding - Bonding approaches were  limited to carbonaceous 
mater ia l  in order  to maintain the temperature  capability of R P P .  Ea r ly  
investigations were  performed on RPP-0 pr ior  to the development of the 
higher strength RPP-3, and while a bond was obtained, strength resu l t s  
were  not impressive.  
laminar strength of R P P  by reimpregnation and repyrolysis, a bonding 
program was developed. R - 120 phenolic, X-2 furfuraldhyde, furfuryl 
alcohol and C-34, a Union Carbide carbon cement, were  the chosen res in  
systems.  
i n  some cases  carbon filler was added to increase viscosity and add body 
to the resin.  
a r e  l isted in  Table 4-5. After bonding, a l l  pa r t s  were  processed through 
a pyrolyzation cycle to convert the res in  bond to its carbon structure.  
The RPP and bond lines were  then strengthened to the RPP-3  s ta te  with 
furfuryl alcohol i n  the conventional manner. 

However, using the concept of increasing the inter-  

WCA fabric  was used a s  the aclhesive c a r r i e r  scrim cloth and 

The seven bonding systems evaluated in this investigation 

Flatwise tensile tes t  results are  shown in Table 4-5. Three  of the 
seven sys tems look very  encouraging. 
molded condition, while the other two can be bonded after the pa r t s  have 
completed init ial  pyrolyzation. 
failure occurred in the laminate ra ther  than in the bondline and a third 
sys tem produced strengths nearly equal to the interlaminar strength of 
the base RPP-3. 
R P P - 0  s ta tes  a r e  good candidates and may provide flexibility for  design 
o r  fabrication processing. Leading edge and wing tip components were  
bonded in the as-molded condition because i t  was the simpler of the two 
approaches and if the bond did not hold well af ter  pyrolysis, one of the 
other techniques could be employed a s  backup. (This appears to have been 
the proper choice because samples employing the RPP-0 approach tended 
to delaminate more  severely following coating, while the other technique 
produced some good bonds on the full scale  components.) 

One permits  bonding in the a s -  

It should be noted that on two of the systems 

It is significant that bonding in either the molded o r  

In addition to flatwise tensile tes ts  three other specimen configura- 
tions were  tested to further evaluate carbonaceous bonding a s  an attachment 
method. These were  lap shear  strength, back to back tension angle and 
peel strength tes ts  a s  illustrated in Table 4-5. 
consistent with the flatwise tensile data. All  possibilities examined in 
the flatwise tensile tes t s  were  not checked in  other tes ts ,  because only 
the most likely adhesive concepts were  fabricated in a l l  tes t  configurations. 
The Furane 
shear  than the other two adhesives. 

The lap shear  resul ts  a r e  

X-2 apprcach exhibited considerably grea te r  res is tance to lap 
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The resul ts  of two types of tension angle tests a r e  more  varied. 
As noted in the back to back tension tests,  the Furane  system shows a 
slightly greater  strength with less  variation than the other two systems.  
In these r e a  Its the specimens failed predominately in tension. Some 
peel may have occurred a s  a result  of R P P  bending. 
bond line separation discovered after failure suggests some peel occurred 
or  that the bond at  the separation surfaces was not uniform. 
bonaceous adhesive C-34 (Union Carbide) was superior when tested in a 
simple peel tes t  judging by i ts  average break away force. 
adhesive systems tested, af ter  break away was achieved, the peel loads 
dropped to 2 to 10 pounds per  inch width until complete separation was 
achieved. 

The random part ia l  

The c a r -  

F o r  a l l  

Carbonaceous bonds show great promise a s  a result  of these tes t s  
The pure bond strength exhibited and further investigation is warranted. 

in  flatwise tension was very encouraging a s  werehe strengths noted in shear, 
recognizing that tensile s t r e s ses  also were  present.  
WCA enhances bond strength a s  does the introduction of carbon f i l ler  in 
the R P P - 0  res in  bond. 
bonding in the as-molded condition. 
will provide a means of secondary attachment. 
that this type of loading should be avoided a s  expected, but the back to back 
tension angle data indicates that this design approach is feasible. 

A s c r i m  cloth of 

Perhaps carbon filler will likewise improve 
Utilizing these properties in design 

The peel resul ts  suggest 

Flatwise tensile samples of the f i r s t  two systems tested in Table 
4-5 were  also processed through coating. 
the coating reaction in the region of the bond line. After processing, 
the bond line in both types was cracked to varying degrees indicating 
adverse effects f rom the coating process .  
with WCA/phenolic and then pyrolyzed exhibited significantly less bond 
line attack. 
data indicates that good strengths can be achieved, when the process  i s  
perfected. 

The purpose was to observe 

The molded laminate bonded 

Fur ther  work is required to cor rec t  this problem but the 

Riveting - Prel iminary work has been initiated to develop an R P P  
rivet that can be used with R P P  construction. Rivets fashioned f rom 
R P P  a r e  expected to be used in conjunction with bonded surfaces,  and 
will se rve  a s  a means of preventing bond peel for higher reliability. 

F i r s t  attempts to prove the concept have been successfully 
fabricated. 
was placed in a cylindrical mold and debulked at  1000 psi. 
rod, which i s  not perfectly round at this point, was then frozen with 
liquid nitrogen and machined on a lathe to a 1 / 2  inch cylindrical rod. 

Narrow s t r ips  of phenolic impregnated WCA graphite cloth 
This debulked 
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The rod, extending 1 /4"  beyond two countersunk R P P  par t s  
t o  be riveted, was placed in  a platen p r e s s  after warming to room 
temperature  and formed at  a p re s su re  of 200 psi. 
the rivet was cured a t  300°F for one hour to fo rm a double flush rivet 
assembly. Molds were  also made f o r  protruding head rivets. These 
were  3 /4  inch diameter  and 1/4 inch deep to f o r m  a rivet head. 
the forming of protruding head r ivets  the rod is allowed to protrude l / 2  
inch past  the R P P  surface. Three  types of assemblies  were  fabricated: 
double flush rivets,  flush on one side with a formed head on the other, 
and formed heads on both sides. 

Heat was added and 

In 

Single lap rivet shear  specimens were  fabricated for initial 
evaluation of the flush r ivet  concept. 
Since these were  installed in 1 / 4  in. thick R P P  laminates single lap 

Results are provided in Table 4-6. 

TABLE 4-6 

SINGLE LAP SHEAR STRENGTH 

Rivet* Approach Failing load, lbs. Shear  Strength, ps i  

F lush  rivet only 226 
F lush  r ivet  only 280 
Flush  r ivet  with bond 8 18 

1153 
1429 
204 

2 * 0.5" diameter  ( a r e a  = 0. 196 in  ) 

specimens,  joint rotation was prevalent, adding a tensile component of 
s t r e s s .  
However, when combined with a bonded joint, the resu l t s  w e r e  less 
dramatic.  
loading of the r ivet  when the bond failed in shear ,  preventing the r ivet  
f r o m  gradually picking up the load. This fortif ies the position that the 
r ive t ' spr imary  functions, when used in a bonded joint, a r e  to prevent 
peel  and act a s  a tooling clamp for  the bonded joint. 

The shear  strengths POW by the r ivet  t es t s  were  encouraging. 

This significant reduction in strength was attributed to snap 

Fur the r  work i s  required to perfect both the bonding and riveting 
concept, but the flexibility provided to the designer by having this technology 
developed will be of great  value. 
employed to attach the non-structural trail ing edge sea l  s t r ip s  to the pro- 
.totype leading edge. Fur ther  back-to-back angle intercostals have been 
bonded to the wing tip panels a s  an ear ly  demonstration of the approach. 

Bonding and riveting a r e  currently 
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4.3 Coating s 

Phase  I of the Shuttle Leading Edge P rogram was concluded 
wi th  two coating candidates for the sclectcrt baseline R P P - 3  Rubstrate. 
11ot.h coat i n K  Byst erns p o e ~ e s ~ e d  good and bad character is t ics  which needed 
further evaluation and modification to a s su re  scale-up potential €or fabrica- 
tion of large,  complex R P P - 3  parts.  
using standard pack cementation methods, adjusted to permit process  
temperatures  above 3000°F to be reached and to reliably recover useable 
par t s  from the reacted pack. 
silicon-carbide sys tem and a zirconium-boron-silicon system. 

Both coating systems were  applied 

The two candidates were  designated a s  a 

The silicon-carbide system was fabricated with a smal l  
amount of aluminum oxide incorporated into the coating f rom an alcohol 
s lu r ry  applied immediately pr ior  to packing in a 70/30 silicon carbide/ 
silicon pack. 
mance and flexure strength but had a basic oxidation problem in the 2300 
to  2500'F temperature  range when tested in a i r  a t  one atmosphere.  
Unacceptable weight losses  w e r e  encountered, accompanied by a 
corresponding strength decrease. Examination of tested specimens did not 
show clear ly  a preferential  oxidation attack. However, since the principle 
protective mechanism for  the siliconized sys tem i s  probably due to the 
formation of an adherent layer of silicon dioxide a t  temperatures  above 
2500°F, i t  is possible that a t  lower temperatures  this mechanism might not 
be performing a t  a ra te  sufficient to adequately protect the system. 
also probable that the coating was not dense enough to provide a totally 
impervious b a r r i e r  to the oxidative gases surrounding the par ts .  Surface 
defects such as  crazing within the coating were  noted and could have been 
one source of oxygen entry into the R P P - 3  substrate if the defects a r e  m o r e  
than surface phenomena. 
to the oxidation resis tance a t  the lower temperatures.  

This coating sys tem produced excellent plasma a r c  perfor - 

It is 

Coating depth and uniformity could have contributed 

0 Tempera ture  cycling tes t s  to determine low temperature  (2300 F)  
oxidation resis tance were  performed in a Pereny  laboratory furnace, 
operating at  one atmosphere pressure .  
servative in light of the predicted in-flight shuttle pressure  conditions where 
oxygen availability is an order  of magnitude l e s s  than at  ground level. 
However, a m o r e  quantitative comparison with flight conditions was not 
available and Pereny  furnace data was used a s  a conservative evaluation 
technique. 

These were  considered to be con- 

The alternate Phase  I coating sys tem was composed of 
zirconium-boron-silicon (ZBS) applied in two furnace cycles. The boron 
was diffused into the RPP-3  substrate f i r s t ,  followed by cleanup of par t s  
and application of the zirconium and silicon in the second cycle. Thus, it  
was necessary to pack, unpack, and diffusion coat twice to fabricate par ts .  
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The finished coating sys tem produced specimens that were  non-uniform in 
appearance. 
existed. 
but the system was insensitive to low temperature  oxidation tes ts .  The 
boron content was thought to provide the desired degree of oxidation r e s i s -  
tance at  low temperatures ,  but degraded the plasma a r c  performance at  
higher temperatures.  The protective mechanism, whereby boron oxide 
i s  formed at  temperatures  above 1000°F in a i r  and protects up to 2500 F, 
failed at  higher temperatures  near 3000OF under low pressures .  
formation of a silicon carbide/zirconium diboride system was probably 
achieved but possibly not in the proper proportion. 
containing near 8570 zirconium diboride and 15% silicon carbide was sought 
to provide oxidation resis tance for  the full range of temperatures  up through 
3400OF. 

Subsequent coating runs indicated that reproducibility problems 
Plasma a r c  performance was inferior to the siliconized coating 

0 

The 

A ccating sys tem 

An attempt was made to develop a "one cycle" ZBS sys tem 
using boron and silicon corbide a s  the pack mater ia l  with zirconium 
additions in a s lu r ry  coating. 
s lur ry ,  performed better than those with the zirconium additions. This 
led to an expanded evaluation of this sys tem in Phase  U. 

The base pack material ,  when used a s  a 

The basic problems therfore to be solved at  the beginning of 
Phase  I1 were  the low temperature  oxidation resis tance of the silicon carbide 
sys t em and the non-uniformity and poor reproducibility of the zirconium- 
boron-silicon system. 
concurrently to a point where one could eafely be discontinued in favor of 
the other. 

Initially in Phase  11 both systems were  investigated 

4.3.1 Developmental Coatings 

Development of the Boron Silicon System - Boron carbide is 
noted for its good performance in a i r  to 25000F, stability in  a carbon 
environment, and compatibility with silicon carbide. Combined with 
silicon carbide a s  a thin underlying layer adjacent to the R P P  i t  could have 
functioned a s  a high temperature  b a r r i e r  to close out oxidative gases and 
sea l  in migrating carbons. One approach (shown in F igure  4-10) to the low 
temperature  oxidation resis tance of the siliconized sys tem was to make 
boron additions in the form of s lu r r i e s  and packs on ba re  and siliconized 
R P P .  
A single cycle boron carbide/sil icon carbide sys tem with and without 
s lu r ry  modifications showed good promise f o r  low temperature  protection. 
A greater  success  was achieved when the boron was added to the pack instead 
of to the s lurry.  
successful in producing plasma a r c  performance to compete with the sili- 
conized system, although it is believed that the boron-containing sys tem 
warran ts  fur ther  experimental  work. 

Doping was employed to add smal l  quantities of boron to the coatings. 

However, boron additions to the coatings were  not 
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Experiment were  conducted on the single cycle boron 
sys tem with s lu r ry  modifications containing chromium, silicon moly- 
bdenum, tungsten, and zirconium additives. These did not produce 
specimens with acceptable plasma a r c  performance but did show that 
sma l l  amounts of these elements could be incorporated as modifiers to 
the boron coating. 

The use of nitrogen o r  oxygen atmospheres  at elevated 
0 temperature  (1600 F) to stabilize coatings was evaluated on some of the 

boron-silicon sys tems with and without additives. The resu l t s  indicated 
that t reatment  with nitrogen was ineffective, but t reatment  with oxygen 
can cause l a rge  (28%) increases  in the weight of the coated par t .  These 
oxygen t rea ted  par t s  were  relatively stable during subsequent thermal  
cycles at 2300°F in air. One specimen (M62-30, re ference  Appendix A 
for  data), which was processed  using a silicon-zirconium hydride s lu r ry  
coating,lost weight during oxygen treatment.  The par t s  processed with 
a chromium meta l  s lu r ry  mix were  very  stable after the oxygen treatment.  
F o r  example, M62-14 was completely stable after the first thermal  cycle 
a t  2300OF. 
may  be used to develop a sys tem which would be very  stable for  moderate  
(2500°F) t empera ture  requirements.  
chromium t rea ted  RPP-3  systems had only a relatively small weight gain 
(about 10%) during the t reatment  with oxygen at 1600'F. 
these sys tems did not possess  satisfactory high tempera ture  performance 
when exposed to tempera tures  of 2800°F - 3000'F in the plasma arc .  

This indicates that the formation of the oxides of chromium 

It should also be noted that the 
. 

Unfortunately, 

One of the best  plasma a r c  performing boron-silicon systems 
tes ted was f r o m  run  M56, (Appendix A). 
si l icon sys tems it was noted after furnace exposure that the coating was 
non-uniform and contained a r e a s  with poor oxidation protection. 
to these problems were  not found before the final coating selection was  
made, and therefore, further investigation was discontinued. 

However, on this and other boron- 

Solutions 

Development of Zirconium-Boron-Silicon (ZBS) System - The 
approach used to fur ther  develop the ZBS sys tem involved diffusion furnace 
runs consisting of boron/sil icon carbide packs o r  si l icon/sil icon carbide 
packs. S lur r ies  were  used with both pack systems to place react ive 
powders in d i rec t  contact with the R P P  substrate.  The p rocess  flow 
d iagram is i l lustrated in F igu re  4-1 1. 

Coating runs (Appendix A) M54, M56, M57, M58, M60, M61, 
M62 and M63 were  utilized to develop fur ther  the boron-zirconium-silicon 
sys tem f r o m  Phase  I. 
silicon carbide pack mix. S lur ry  mixes,  containing powders of boron, 
zirconium and boron/zirconium w e r e  brushed on the surfaces .  
t empera tures  to 3900°F were  employed. 

Runs M54, M56, M57, and M58 used sil icon/ 

Fu rnace  
Generally, the resultant finished 

139 



I- 
0 

0 
5 

5 
UJ 

I 

140 



coating was crystall ine in nature and cleaned up well f rom the pack 
mater ia l s .  
Oxidation tes t s  at 2300°F showed that after 5 cycles weight losses  
between 77% and 2770 could be expected. 
5000 and 8000 ps i  were  the ru le  for these systems.  
confirmed the low temperature  oxidation resul ts ,  but higher than 
tolerable weight losses  were  experienced. 
softening effect that was apparent only af ter  low tempera ture  oxidation 
tes t s  and was the major  deterent to fur ther  development of these coating 
ayatems. The coated R P P  surface after tes t  would crumble in localized 
a r e a s  if  thumb-nail p r e s s u r e  were  applied. 
conium which can oxidize readily at  2300°F w e r e  probably formed instead 
of the des i red  high tempera ture  SiC/ZrB2 system. 

Coating weight gains were  of the order  of 20 to 3070. 

Flexure strengths between 
Plasma a r c  tes t s  

The re  was an over -riding 

Silicides of boron and z i r -  

Coating runs M60, M61, M62 and M63 w e r e  packed using 
boron/sil icon carbide powder mixes with s lu r r i e s  of zirconium, silicon, 
and zirconium/sil icon mixes. This pack sys tem produced bet ter  perfor-  
mance resu l t s  than the si l icon/sil icon carbide system. Specimens were  
as easy  to remove f r o m  the pack after heat treating to 3400°F and oxida- 
tion res i s tance  at 2300°F was improved many fold. In fact, weight gains 
up to 570 were  experienced af ter  5 cycles at 2500°F and even up to 2600°F 
no ill effects w e r e  experienced. 
above were  obtained. However, plasma a r c  performance was not a s  good 
as the M30 siliconized system f r o m  Phase  I. 
tu re  compound8 had not formed in sufficient quantity to provide plasma 
a r c  res is tance.  
siliconized sys tem showed good promise of providing low tempera ture  
oxidation resis tance.  

F lexure  strengths nea r  10,000 ps i  and 

It was  felt that high tempera-  

This line of development was terminated when the 

Development of the Silicon System - A major  thrust  of the 
Phase  II effort was to develop fur ther  the siliconized system f r o m  Phase  I 
which performed well in plasma arc tests .  This good performance was in 
part due to the aluminum oxide content added in s lu r ry  f o r m  to the surface 
of the R P P  pr ior  to packing in a mix of silicon and silicon carbide.  
Specimens fabricated without aluminum oxide did not per form a s  well. 
Since the s lu r ry  process  is difficult to employ, coating t r ia l s  where the 
alumina was  added a s  a dry powder to the pack mater ia l  were  attempted 
and proved successful. By varying the alumina composition, over - 
sintering of the pack was restr ic ted,  while still maintaining high tempera-  
tu re  performance. 
added great ly  to the ease  and controllability of processing. 
containing dry  pack will  be continued in future development. 

This process  modification shown in F igu re  4-12 has  
The alumina- 

The siliconized coating process  therefore  utilizes a pack 
composed of alumina, silicon carbide and silicon. Silicon carbide has  long 
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been recognized fo r  i t s  superior refractor iness ,  thermal  shock- 
resistance,  and excellent res is tance to abrasion a t  high temperatures.  
Aluminum oxide also has a refractory nature, having a melting point 
above 3600 F, and i s  used i n  high temperature  furnaces a s  l iners  and 
domes. 
metals until extremely high temperatures  a r e  reached. Silicon metal  
has a melting point slightly in excess of 2600°F at  which point the vapor 
p re s su re  r i s e s  appreciably. This vapor p re s su re  is not only a function 
of the temperature  but of the powder s ize  and size distribution of the 
individual meta l  grains. 
carbonaceous mater ia ls  is rapid because of their  ability to combine 
directly. 
oxides such a s  alumina, since direct  combination is coupled with either 
oxygen t ransfer  o r  re lease and recombination. In both cases  a complex 
aluminum oxide -silicon dioxide compound can be formed under favorable 
conditions. 
near  3300°F in air could be expected. 

0 

It is essentially chemically inert  to most gases and molten 

Reaction of the silicon vapor with graphitic and 

A somewhat slower reaction is expected to occur with metal  

Mullite of the f o r m  3A1203. 2 Si02 with service temperatures  

The most  significant accomplishment in the pursuit of the 
siliconized sys tem was the reduction of weight loss  when exposed to multi- 
thermal  cycles in the Pereny  furnace ( s e e  the discussion on Pereny  
furnace testing). The Phase  I M30 baseline siliconized sys tem produced 
15% weight loss  after 5 furnace cycles but current  processing can reduce 
this to an acceptable range of between 570 loss to a few percent gain. 
Strength reduction var ies  roughly with weight loas. 
improvement in low temperature  oxidation resis tance is attributed to the 
powder s ize  and associated reactivity used in the start ing ingredients. 
A grea te r  percentage of fine particles has produced what appears to be a 
l e s s  porous surface and one with greater  f reedom f rom crazing. 

The reason for  this 

With the subsurface oxidation problem apparently under 
control, the siliconized sys tem was selected for Phase  11 hardware.  
This selection was based on the ability to control low temperature  oxida- 
tion resis tance while s t i l l  providing excellent high temperature  plasma 
a r c  oxidation resistance with good flexure strength. 
directed to refinements in the coating process  which would promote uni- 
formity and reproducibility. 

Attention was next 

4.3.2 Refinement of the Silicon System 

The selection of the lOA1203/60SiC/3OSi pack mater ia l  a s  
the baseline sys tem to be studied was based on tes t  resul ts  f rom diffusion 
furnace runs M85B, M88, M95, M96, and M97. The data on each of these 
runs is given in Appendix A. 
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Once the basic sys tem was chosen, the evaluation of factors  
which could affect the performance of the coated RPP-3  was undertaken. 
This evaluation included variations in the proportions of the three pack 
mater ia l  constituents (alumina, silicon carbide and silicon) as well a s  
the operating temperature  of the diffusion furnace, the type of silicon 
carbide used, and the particle s ize  of the silicon. 

Thirty-seven diffusion coating furnace runs were  made in 

As noted previously, this system was 
order  to develop and select the single best  R P P  coating system for  
Shuttle leading edge application. 
selected on the basis that tested specimens indicated acceptable low 
temperature  oxidation resistance,  good strength and plasma a r c  perfor-  
mance, and a projected ease  of fabrication. Slight variations to this 
formulation can be made a s  necessary to obtain an optimum composition 
without materially changing the coating. This coating system represents  
a simplified coating process,  compared to the M30 siliconized sys tem of 
Phase  I, because coating ingredients a r e  blended and packed dry. 
eliminates the wet s lu r ry  application of powders to the surface of speci-  
mens pr ior  to packing. 

This 

Synthesis of baseline coating was conducted at temperatures  
as high a s  3400°F and as low a s  2900°F, and from t imes of 2 hours to 6 
hours. Techniques to investigate tight packing where the powder mix is 
f i rmly  compressed about the R P P  par ts ,  a s  opposed to m o r e  loosely 
packed specimens,  were  examined, and will be fur ther  evaluated in Phase  
ILI when additional large par t s  will be coated. Pack thickness to provide 
adequate coating has been investigated a s  well. 
of RPP to the coating procedures  was conducted on individual specimens 
which were  examined before and after each step in the process .  Weight 
changes were  measured  routinely. 
to be small .  

Evaluation of the response 

Dimensional changes have been found 

Pack mater ia l  composition variations were  examined using 
diffusion furnace runs a t  3000°F, 3200°F and 3400°F for 4 hours. 
following composition (by weight 7, )  pack mater ia l  mixes were  evaluated: 
1A1203/69 SiC/30 Si, 10A1203/60 SiC/30 Si, and 33 A1203/33 SiC/33 Si. 
This alumina content was varied f rom 1% to 33% in this s e r i e s  of runs. 
The alumina fraction was considered the most  cr i t ical  because of i t s  
tendency to sinter readily under the proposed coating conditions. 
the aluminum oxide portion was varied, in most  cases ,  a t  the expense of 
the silicon carbide content, while the silicon fraction was held essentially 
constant. 

The 

Therefore,  

The relative mer i t s  of the resul ts  a r e  compared in Table 
4-7. The use of any of the three levels of alumina eliminates the need for  
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TABLE 4-7 SELECTION OF 10 AL203/60SiC/30Si 
QUALITATIVE COMPARISON 

10 60 30 1 69 30 33 33 33 
It em A L20 /S ic  /Si ALZO /S ic  /Si ALZ03/SiC/Si 

Mixing of Mixes uniformly Mixes uniformly Mixes uniformly 
Powder 

R etort Packs very well Packs very  well Packs very well 
Packing of 
Mixed Powder 

Drying of Packed Drys without Drys without Drys without 
Retort  s ettling s e ttling s ettling 

Pack  Sintering 
in  Argon 
After 3000°F Sinters  slightly Sinters  very  Sinters  with 
Diffusion Run s lightly slight shrinkage 

After 3200'F Sinters with Sinters slightly Sinters with 
Diffusion Run slight s hrinka g e shrinkage 

After 3400'F Sinters with Sinters  with Sinters  hard 
Diffusion Run shrinkage slight shrinkage 

Specimen Re-  Specimens easily Specimens easily Specimens easily 
moval from Pack removed removed r emov ed 
After 3000°F 
Diffusion Run 

After 3200°F Specimens easily Specimens easily Specimens 
Diffusion Run removed removed difficult to 

r emov e 

After 3400'F Specimens removed Specimens easily Specimens very 
Diffusion Run with some  adherent removed difficult to 

pack mater ia l  r e -  remove f rom 
maining on surface s inters  pack 
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TABLE 4-7 SELECTION OF 10 AL203/60SiC/30Si 
QUALITATIVE COMPARISON (Cont'd. ) 

~~ 

69 30 33 33 33 10 60 30 1 
It em ALZ03/SiC/Si AL203/SiC/Si.  AL203/SiC /Si 

S p ec im en Uniform Uniform Uniform 
Appearance a f te r  
3 0 0 0 OF diffusion 
coating 

Af ter  3200°F Uniform Uniform Uniform 
diffusion coating 

After  3400°F Fair Uniform Adherent pack 
diffusion coating Ma t e r  ia 1 s 

- 

Per eny Test of Slight weight Slight weight Slight weight 
Specimens 5 gain lo s s  loss cracking 
Cycles @? 2300°F occurred  
After  3200°F 
diffusion run 

Af ter  3400°F Slight weight Slight weight Slight weight 
diffusion run  lo s s  gain 10s s 

Resul ts  af ter  10,000 PSI 10,000 PSI 10,000 PSI 
F l e x  Tes t  Grea te r  than Grea te r  than Grea te r  than 

3000°F 

Af ter  3200°F Grea te r  than Grea te r  than Grea te r  than 
diffusion run 10,000 PSI 10,000 PSI 10,000 PSI 

After  3400°F L e s s  than L e s s  than - 
diffusion run 10,000 PSI 10,000 PSI 

Plasmarc  resu l t s  L e s s  than 100 Less  than 100 L e s s  than 100 
mission l ife po- 
t entia1 af ter  3000°F 
diffusion run  

After  3200OF Greater  than 100 Grea te r  than 100 Grea te r  than 
diffusion run 100 

After 3400°F Grea te r  than 100 Grea te r  than 100 Grea te r  than 
diffusion run  100 
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TABLE 4- 7 SELECTION OF 10 AL203/60SiC/30Si 
QUALITATIVE COMPARISON (Cont'd. ) 

10 60 30 1 69 30 33 33 33 
It em AL203 /SiC/Si A L20 /Sic /Si AL203 /Sic /Si 

Coating wt. pick Near 4070 Near 3870 Near 3570 
up af te r  3200°F 
diffusion run 

After  3400°F Near 50% Near 40% Near 40% 
diffusion run 

Ease  of speci-  
men clean-up 
af te r  3000°F 
diffusion run  

After  3200°F 
diffusion run  

Af ter  3400°F 
diffusion run 

Very easy, Very easy, Very easy, 
brush  only b rush  only b rush  only 

Very easy, Very easy Adherent pack, 
brush  only brush  only ma te r i a l  r e -  

mains on speci-  
men af te r  
brushing 

Difficult to Easy to clean - Can not c lean 
c 1 ean brush  only adherent  pack 

ma te r i a l  f rom 
s p ec im ens 
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a s lur ry  application. 
coating temperature  range but sintering was not sufficient to keep the 
R P P  par ts  and pack in intimate contact throughout the diffusion run. 
The 33% alumina mix sinters  entirely too much a t  the coating temperatures  
employed. The 10% alumina mix sinters  and shrinks at a m o r e  predictable 
ra te  under the tes t  conditions although at 3400°F an over -sintered condition 
prevailed. Clean up of specimens was easy except for  those coated a t  
3400°F in the 10% and 3370 alumina mix. 

The 1% alumina powder mix has the greatest  

Flexure strength, which i s  affected by coating depth and 
compatibility between R P P  substrate and coating, was determined to be 
near  10,000 psi. 

The low temperature  oxidation problem, where excessive 
weight losses  were  encountered after cycling a t  2300°F, can be minimized 
greatly if sufficient coating weight gain for any of the three systems is 
achieved. However, specimens coated with the 33% alumina sys tem crazed  
when heat cycled a t  2300°F, and were  'crack sensitive in the plasma arc 
test .  
dition normally created when expansion differences exist between the layers  
of multi- layered systems.  Induced s t ra ins  a r e  relieved through crazing of 
one of the layered members  when temperature  changes are imposed on the 
system. 
noticeable for  the 1070 alumina system. 

The least  sensitive was the 10% alumina system. Crazing is a con- 

Cool-down cracks and crazing during fabrication w e r e  l e s s  

As a fur ther  check on the 10% alumina pack composition, a 
tes t  run comparing 50/0, lo%, and 1570 alumina was made. This coating 
run confirmed that smal l  variations in the alumina content can be made 
without detrimental  effects on performance. 

The fabrication factors,  which can affect the plasma perfor-  
mance, substrate  oxidation, and strength of a coating system, a r e  bulk 
mater ia l  properties of powders, packing procedures,  furnace temperature/  
t ime cycles, re tor t  design and thermal  distribution. 
must  be standardized to achieve consistently good resul ts .  
discussed individually on the following pages. 

Each of these factors  
They a r e  

Evaluation of Coating Powders - The suppliers of powder 
mater ia ls  were  selected because of their  interest  in maintaining quality 
products which a r e  commercial ly  available. 
representatives f rom each company have shown a willingness on their par t  
to  cooperate with VMSC in qualifying their  respective products to mutually 
acceptable specifications. 

Discussions with key 
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Silicon meta l  powder was purchased f r o m  th ree  different 
sources .  Al l  th ree  vendors have acceptable products. Two a r e  producers 
of silicon, while the third i s  a processor .  
not have the capacity to handle the predicted quantity needs and cannot 
be ser iously considered a s  a nupplier. 
and Foote  Minerals, both of which have demonstrated quantity deliveries 
in a timely fashion. T r i a l  coating run8 have shown equally successful 
performance behavior for  R P P  specimens coated with silicon meta l  
powders; f rom the two selected vendors. 

The processor  at  present  does 

The p rodwore  arc I l n i o n  Car l~ ida  

Silicon powders were  screened and classified at VMSC using 
a Ro-Tap machine and standard sieves.  
par t ic le  s ize  distribution is shown in Table 4-8. The classification sco re  
is shown for nine of the silicon meta l  powder lots used in coating studies. 
The lots with l a rge  concentration of fines (powder s ize  designated -325) 
were  the most  difficult to c lass i fy  due to agglomenation, which was 
cor rec ted  in par t  by air drying a t  250°F. 

A comparison of the powder 

TABLE 4-8. SILICON METAL POWDER PARTICLE 
SIZE DISTRIBUTION WEIGHT PERCENT 

MESH SIZE 

SILICON 
LOT 

404 
468 
721 
532 
708 
741 
833 
147 1 
10939 

t 140 - 
1.5 
0 .1  
0 .0  
0 .1  
0.0 
1.0 
0.2 
1.0 
7.2 

-140 to +200 -200 to t325 

16. 1 
3.1 
1.5 
5.9 
0.4 

17.0 
15.7 
1.3 

19.9 

75.2  
86.9 
34.5 
88.1 
33.2 
71. 1 
71.6 
30.0 
52.1 

-325 

7.8 
10.4 
65.2 

5.9 
65.0 
10.0 
12.5 
67.5 
20.4 

A measu re  of silicon powder response in the coating process  
The lots can be gained f r o m  a knowledge of the par t ic le  s ize  distribution. 

with a la rge  fines concentration show a wider depletion zone within the 
pack adjacent to the pa r t  when examined af ter  coating. 
segregation within the pack is l e s s  likely to occur and coated par t s  have 
a m o r e  uniform appearnace, indicating a m o r e  controlled r a t e  at which 
the coating is applied. 

Also, meta l  
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Aluminum oxide powder was supplied by Aluminum Company 
of America and i s  a grade which can be purchased to an existing VMSC 
Materials Specification 307-15-2A, titled, "Alumina T-61". This alumina 
i s  an alpha crystal  powder, commercially available in minus 325 mesh 
size with only 0.8 percent between the sizes,  minus 200 to plus 325. 
This particle size distribution is compatible with vendor l i terature.  
Reactivity of the alumina T-61 powder i s  great enough to cause sintering 
a t  the temperature  used fo r  coating R P P .  
shrinkage, probably aids in maintaining the pack mater ia l  in contact with 
the R P P  par t s  during the diffusion coating process.  

This sintering, attended by 

The silicon carbide powder, mesh  size 1200 i s  a classifica- 
tion given to the proper  particle size distribution by Carborundum Corporation 
of Niagara Fal ls ,  N. Y. 
i s  in the micron range and exceeds the capability of VMSC mechanical 
screens.  
variety i s  supplied in color grades which indicate the amount of aluminum 
actually salted. 
content), green/black (low aluminum), and black (high'aluminum content). 
The explanation for  color variation f rom black to  green previously reported 
by Carborundum (Reference 6) a s  being due to carbon migration into the 
powder m a s s  f r o m  the chamber walls a t  the extremely high reaction 
temperatures  employed during fabrication has been corrected,  and 
aluminum content is now the reason offered. 

A flotation process  is used because the powder s ize  

Carborundum explained that silicon carbide of the 1200 mesh  

Color grades a r e  designated green (lowest aluminum 

Seven lots of silicon carbide were  evaluated which includes 
the color variation f r o m  green through black. Emphasis  was directed to 
the green, o r  m o r e  pure variety, than the black grade with i t s  aluminum 
content. 
examined using a Scanning Electron microscope (Figure 4-13). 
technique doesn't readily show a striking difference. 
however, indicate that the green grade is slightly m o r e  uniform in par t ic le  
s ize  distribution and l e s s  angular in shape. 

Selected powder batches representing the three color grades were  
This 

The photographs do, 

Metal impurit ies found in lot samples  of silicon, silicon 
carbide and aluminum oxide powders a r e  shown in Table 4-9. Generally, 
the metal  impurities found a r e  comparable to that expected f r o m  
commercially available mater ia ls  of this nature. There  i s  no outstanding 
metal  contaminate that causes a larm.  
by qualitative spectrochemical analysis using a DC a r c  excitation. 

This study of the powders was made 

The final acceptance c r i te r ia  for  powders, however, was to 
employ them in standard coating cycle. 
lots of silicon and silicon carbide in one furnace run to minimize extraneous 
variables. 
of particle s ize  of the silicon were  evaluated using plasma, flexure, and 

This method was used to compare severa l  

Variations f rom lot to lot of the start ing powders and the effect 
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FIGURE 4-13 SCANNING ELECTRON MICROSCOPE EVALUATION OF SILICON CARBIDE 
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TABLE 4-9. TRACE METAL IMPURITIES 
O F  PACK MATERIAL POWDERS 

t Element Detected 

- Element not Detected 

POWDER LOT NO. 

Silicon 007 

Silicon 404 

Silicon 464 

Silicon 468 

Silicon 503 

Silicon 532 

Silicon 538 

Silicon 602 

Silicon 708 

Silicon 721 

Silicon A-2 
Carbide 

Silicon 82  1700 
Carbide 

Silicon 822992 
Carbide 

Silicon A7058 
Carbide 

(4) Silicon 113 
Carbide 

( 4) 

(2)  

(3 )  

Aluminum 
Oxide 

S i  Fe C u  N a  T i  Zn Ag Ca S n  V A1 - - - _.- - - - - - -  
- t t  t t ( l )  t t - t -  - - 

t ( l )  t t t t t t  t t t t  t 

t ( l )  t t - t -  0 - t t t  t 

t ( l )  t t - t -  0 

t ( l )  t t t t t t  - t - t  t 

t ( l )  t t t t t t  - t t t  t 

+ ( l )  + t t + t +  t - + +  + 

+ ( l )  t t - t t -  t c t t  t 

t ( l )  t t t t t -  - - t t  t 

t ( l )  t t - t t -  - - t t  t 

- t t t  t 

+ t - t t +  t + - t  t 

t ( l )  t t - t -  - - - t  t 

t ( l )  t t t t - t  t -  - t  t 

t ( l )  t t t t t t  t -  - t  t 

(1)  Major Constituent 
( 2 )  Green Silicon Carbide RA1200 
( 3 )  Green Black Silicon Carbide R A  1200 
(4) Black Silicon Carbon RA1200 

N i  

t 

t 

t 

t 

t 

t 

+ 
t 

t 

t 

t 

- 

t 

t 

t 

+ 

152 



Pereny oxidation tes t  resul ts  on coated R P P - 3  to establish performance 
capabilities for each lot of mater ia l .  
determine the particular type of mater ia l  to order  in large quantity for 
future phases. To insure that the specified powder can be received f rom 
the suppliers, preliminary working agreements  have been reached, where 
lot traceability, a s  needed, will be maintained. 
way of preliminary specifications to procure and process  coating mater ia ls  
have been writ ten and will be released to mater ia l  suppliers for review 
and comment. 
been developed. 

This information will be used to 

Fur the r  controls in the 

In-houae specifications to control coating processes  have 

Therma l  Processing - The diffusion coating thermal  process  
cycle controls the weight gain and other character is t ics  of the coating 
applied to the RPP-3  substrate material .  Thus, to achieve reproducibility, 
i t  is essent ia l  to  control the thermal  cycle to achieve consistent furnace 
coating runs. 
in  the pack ma te r i a l  because of erroneous pyrometer  readings. 
reproducibility was ultimately achieved through several  furnace modifi- 
cations to improve optical reading reliability. 

This initially required the use of thermocouples embedded 
However, 

The positioning of the re tor t  in the furnace is also very 
important to insure that par t s  a r e  heated uniformly. The two furnaces 
used for  the RPP coating process  were  a 12" diameter  ver t ical  loading 
furnace and a 24" diameter horizontal loading type. A typical diffusion 
coating cycle was developed for  each furnace and adjusted for  changes in 
both re tor t  configuration and the amount of pack mater ia l  being used in 
order  to process  par t s  successfully. 
curves  a r e  shown in Figure 4-14 (12" dia. furnace) and Figure  4-15 (24" 
dia. furnace). 
corrected to compensate for transmission loss through the sight glasses.  
F igure  4-14 shows one optical and two thermocouple curves  for a stack of 
three "pancake" style retorts. These curves show that the center retort 
heats m o r e  slowly, but reaches a higher peak temperature.  
temperature  remains relatively constant throughout the coating cycle. 

Typical instrumented thermal  cycle 

The optical pyrometer  readings shown have not been 

The optical 

The large diameter (24") furnace, which was used to coat 
la rger  par ts ,  like the leading edge segments,  required a longer heat up 
cycle to heat the pack mater ia l  to the proper  coating temperature.  
shown by the temperature  lag (relative to optical o r  furnace temperature) 
of the thermocouple in the pack mater ia l  (Figure 4-15). 
that after the pack reaches a certain temperature,  it  heats m o r e  rapidly 
than the optical temperature  would indicate. 
in the thermal  properties of the pack mater ia l  a s  the temperature  increases.  

This is 

There  i s  evidence 

This could indicate a change 

. . .  
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Weight gain of the R P P - 3  substrate during a coating cycle 
is directly proportional to the dwell t ime at  each temperature.  
average weight percent gain measured  for each processing temperature  
i s  given in F igure  4-16. 
weight gain for a planned thermal  cycle. 
2900°F and 3 100°F the percent weight gain i s  l inear with temperature.  
However, above 3100°F the weight gain r a t e  increases  - then decreases  as 
3400°F i s  approached. 
that the surface "crazing" may be eliminated o r  greatly reduced by coating 
a t  higher temperature.  
on the surface either in the as-coated condition o r  after they had been heat 
treated.  

The 

This plot provides a means of predicting the 
The data indicates that between 

The run (M168, Appendix A) a t  3400°F has indicated 

P a r t s  coated in this particular run had no "crazing" 

Heat treatment was developed a s  par t  of a tes t  p rogram to 
determine the effects of reheating the coated R P P  to an  elevated temperature  
in an iner t  atmosphere.  
for  formation of high temperature  coating sys tem reaction products, which 
would per form well in the p l a s m a  tes ts .  
out at  3000°F for  90 minutes and 3200°F f o r  45 minutes. 
treatment gave the best  plasma performance resul ts .  

This was done to determine the optimum temperature  

Prel iminary tes t s  were  ca r r i ed  
The la t ter  heat 

The 3200°F for 45 minutes heat treating cycle was therefore 
adopted a s  the standard cycle for  the remainder  of the program. 
anticipated that the need for  this post heat treatment can be eliminated by 
initially coating par t s  a t  a somewhat higher temperature.  
higher temperatures ,  such as M168, but for  a shorter  t ime period to control 
o r  l imit  the percent weight gain, may be used tb alleviate "crazing", and 
eliminate the need for  the post-coating heat treatment. 

It is 

Coating runs a t  

Another important concern with the coating process  is heat 
distribution in the furnace and particularly in the retor t .  
p rog ram it was  suspected that, when using the large re tor t s  for coating 
specimens,  significant temperature  variations occurred throughout the pack 
in t e r m s  of peak temneratures  achieved. 
analysis w e r e  therefore undertaken to establish the magnitude of gradients 
between the outer layer and inter ior  of the pack. In addition, analyses 
w e r e  performed to predict the improvement to be realized f r o m  re tor t  
modifications. It was found, that by utilizing intermediate graphite plate 
conductors in  contact with the re tor t  walls to permit  unrestr ic ted radiation 
heat t ransfer ,  that variations in maximum temperature  could be reduced 
f r o m  severa l  hundreds of degrees Fahrenheit  to l e s s  than 100 F. 

Ear ly  in the 

A calibration tes t  and thermal  

0 

The 30 n ide  thermal  model i l lustrated in F igure  4-17 was used 
to per form the two dimensional transient thermal  analyses. 
included the graphite re tor t  wall, pack mater ia l  and graphite plate. 
model included a symmetr ica l  section of the re tor t  f r o m  the centerline to 

This model 
The 
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the outside of the re tor t  wall  and f r o m  the mid-plane of one plate to 
a plane midway between paral le l  plates.  Measured temperatures  on the 
outside surface of the re tor t  wall  a s  a function of t ime were  used as the 
driving temperature .  This temperature  his tory consisted of heatup to 
3400°F over a th ree  hour period, followed by 2.5 hours a t  3400'F and 
subsequent cool down. 

. 

The grea tes t  uncertainty in the analysis consisted of the 
thermal  conductivity of the powdered pack mater ia l .  
in the l i terature  on s imi la r  mater ia l  was used to es t imate  a value of 0. 10 
BTU/hr ft°F for  the pack conductivity. 
made with the thermocouples in the pack ma te r i a l  and on the graphite plate, 
which indicated a value of 0.077 to be m o r e  appropriate.  

Best  available data 

A furnace calibration run was  

Computed maximum temperature  in  the retor t ,  pack and plate, 
a r e  shown in F igu re  4-17 and it is seen  that tempera tures  in the center  of 
the pack reach  only a little over 2800'F. Fur ther ,  t empera ture  gradients 
near  the re tor t  wal l  a r e  severe.  
cycle was extended an additional two hours,  but this increased  pack tempera-  
t u re  to only 3000'F. 

An analysis was  made in which the heating 

It is seen in  F igu re  4-17 that there  is a seve re  tempera ture  
drop  f r o m  the re tor t  wall  to the outside of the graphite plate. Tempera ture  
drop f r o m  outside to inside of the plate is very low, as is the drop f r o m  the 
plate into the pack mater ia l .  
conduct heat into the retor t ,  but its efficiency is severely impaired by the 
0.50 inch of pack ma te r i a l  between the re tor t  wall  and the plate. 

Hence, the graphite plate ac ts  as a fin to 

An 
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analysis was therefore performed to predict the effect of extending the 
plate to contact the re tor t  wall. 
servatively by assuming only radiation heat t ransfer  f rom the retor t  to 
the plate. 
of the pack would reach 3330°F with the original heating cycle. 

Contact resistance was simulated con- 

The resul ts  w e r e  highly encouraging, indicating that the inside 

The re tor t  design was modified to allow the graphite plate to 
be machined integrally with the retor t ,  such that no contact resistance 
existed between the re tor t  and the plate. 
confirmed that essentially uniform temperatures  were  obtained through- 
out the pack mater ia l .  

Furnace  runs with this design 

Pereny  Furance  Test  - In an effort to ascer ta in  the significance 
of specimen exposure in the Pe reny  furnace in t e rms  of equivalent missions 
per  exposure cycle, two separate  correlation tes t  experiments were  conducted. 
The approach was to re la te  computed m a s s  loss per  mission to the m a s s  loss  
data obtained in  plasma a r c  testing, and then relate  plasma a r c  m a s s  loss  to 
Pereny  furnace m,ass loss.  
calculated to  estimate mission life for the various caa ting systems ( re fererence  
section 5. 1.3). 

The mission/plasma a r c  relation is routinely 

Experiments were  conducted on specimens fabricated s imilar  
to the Phase  I baseline siliconized coating. Specimens w e r e  exposed to the 
plasma environment continuously for 30 minutes, while a companion speci-  
men was exposed to the same temperature  and t ime in the Pereny  furnace. 
The percentage weight loss  comparison f o r  these tes t s  is given in Table 
4-10. 
to the plasma .arc.  

Furnace  testing i s  noted to be 9 to 14 t imes m o r e  severe  than exposure 

TABLE 4-1 
PLASMA ARC 

0. 
AN 

CORRELATION DATA 
0 PERENY WEIGHT LOSS 

Specimen 
RUll 

M7 1 
M 8  6 
M86' 

Avg. Avg . Avg . 
Exposure % Wt. 70 Wt Ratio 
Temp Loss in Loss  in Furnace  
O F  P l a sma  F urnac e P la sma  

2200 0.60 6.0 10.0 
2220 0.74 10.4 14. 1 
1710 0.77 7.1 9.2 

Analysis of the plasma a r c  testing by integrating incremental  
m a s s  loss over the heating r a t e  t ime history of the entry t ra jectory showed 
that 8.9 minutes of plasma a r c  exposure a t  maximum heat f lux  level is 
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equivalent to one shuttle mission. 
wing vehicle and is five t imes grea te r  than fo r  the short  c r o s s  range 
vehicle, analyzed in Phase I. 

This equivalency is fo r  the delta 

Using the factor of 10 f rom the above data, a 100-mission 
life is equal to 890 minutes exposure in  the plasma a r c  o r  roughly 89 
minutes continuous exposure in the Pereny  furance. Since one standard 
cycle of testing in the Pereny consists of 10 minutes in a preheated furnace 
and 10 minutes outside, while cooling, an average period of severe  oxida- 
tion is approximately 15 to 20 minutes. This means that roughly 4 . 5  to 6 
cycles in the Pe reny  represents  100-mission life. It should be noted that 
this i s  a ra ther  g ross  analysis of the correlation, but 5 cycle Pereny 
exposure has been used for  coating evaluaticm as a guide to development 
until a m o r e  exact technique is established, even though it appears  to be 
highly cons e rva  tive . 

The  use of radiant heat lamps o r  graphite hea ters  a s  a heat 
source,  and diluted atmosphere to represent  the partial p re s su re  of oxygen 
during entry, provides a m o r e  real is t ic  thermal  tes t  to be imposed on the 
coated material. Once these 
are thoroughly evaluated, modification to the s impler  Pereny  tes t  can be 
made to be m o r e  realistic. 

These tes ts  a r e  reported in section 5 . 2 . 4 .  
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Characterization - Evaluation of the capability of the coated 
R P P  system to meet Shuttle leading edge requirements was based on the 
following three main test cr i ter ia :  

(1) Plasma a r c  performance 
(2)  Flexure strength 
(3) Oxidation cycle tes t  in air at  2300°F 

Example t e s t  resu l t s  for the 10 A 1  0 /60 SiC/30 Si  system a r e  summarized 
in Figures  4-18 through 4-21. These data a r e  for ea r ly  investigations of the 
10/60/30 system and were used t o  determine the impact of cer ta in  var iables  
on sys tem performance. 

2 3  

More recent data i s  discussed la ter .  

Plasma a r c  performance, used  to calculate the mission life 
0 shown in these figures,  was based on 2750 F maximum radiation equili- 

b r ium temperature  and includes no relieving effects f rom internal c r o s s  
radiation or low catalycity. 
5.1.3. 

These factors are discussed in detail in Section 

Flexure strength was determined using a Tinius Olsen tensile 
t e s t  machine rigged with a four point loading fixture and deflectometer t o  
continuously record  applied load and deflection. 
f lexure tes t s  were made to evaluate the effects of the coating process and 
var iables  & the strength of the mater ia l  system. 

.. . 
Because of the i r  simplicity, 

The oxidation cycle t e s t  was performed in  a Pe reny  Furnace 
0 controlled to maintain 2300 F during the tes t  cycle. 

consisted of 10 minutes in the furnace a t  2300 F and 10 minutes in ambient 
air, while cooling to l e s s  than 500°F, before the next cycle is started.  
change was monitored at the end of the f i r s t  and fifth cycles. 
used to  determine the degree of low temperature  ( less  than 2300 F) pro-  
tection afforded the substrate  by the coating system and to a sce r t a in  the 
magnitude of subsurface oxidation. 

Each of the five cycles 
0 

Weight 
This tes t  is 

0 

The relative weight gain of the substrate  during coating can 

This can be shown by comparing 
be related to the weight gain or loss of the coated par t s  during the 2300°F 
temperature  cycle tes t s  in most  cases .  
the gain in weight for 13 ply flexure b a r s  dur in5  the coating cycle to  the 
weight change af te r  five thermal  cycles a t  2300 F. 
various example configuration runs on the 10/60/30 siliconized sys tem a r e  
given in Figures  4-18 and 4-19. 
which the major  var iables  were held constant, it i s  evident that an  increase  
in coating weight up to approximately 35-4070 ( see  Figure 4-19) resu l t s  in  

Comparative values for  

In general ,  for each se r i e s  of runs ,  in  
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an  increased resistance to weight l o s s  during the five thermal  cycles at 
2300 F. Higher weight gains during coating offer no added improvement. 
However, the necessary weight gain to achieve stability can be al tered to  
some extent by t ime -temperature variations in  the thermal  cycles, by 
selection of proper  re tor t  configurations, and by re tor t  packing procedures.  
Also, it should be noted that this weight gain percent can be decreased if  
thicker substrate mater ia ls  a r e  to be coated. 

0 

0 The oxidation tes t  cycle (5 cycles a t  2300 F) data summary  
given in Figure 4-18 shows the effects of many parameters  on the t e s t  
resul ts .  
tate the discussion of the resul ts .  

They have been given se r i e s  le t ter  designations A to  L to  facili- 

Ser ies  A i s  representative of the type of small  re tor t  runs 
which were used to  evaluate and develop new pack cementation mixture 
ra t ios  and to c a r r y  out mater ia l  and process  evaluations. 
runs (M85B and M88) had a very significant change of weight during thermal  
cycling te sting . 

Neither of the 

Ser ies  B shows the classic  effect of weight gain during coating 
on the loss  o r  gain of weight during thermal  cycling tes t .  
all the specimens had a relatively small  weight gain during the coating cycle. 
All of these samples  were coated in large 11-inch diameter  x 1-inch thick 
wall re tor t s ,  which have been found to  maintain the pack mixture a t  a some-  
what lower effective operating temperature  than other re tor t  designs. 
specimen l is ted in se r i e s  L (using two other r e to r t  s izes )  indicate that the 
pack mater ia ls  used in  se r i e s  B wi l l  give good thermal  cycle resul ts  when 
other coating cycle parameters  a r e  adjusted to  increase the weight pick-up 
during the coating cycle. 

In this s e r i e s  

The 

Ser ies  D, E, and F were run in 8-inch diameter  by 4-inch 
deep, thin walled (3/8 inch) re tor t s .  These resul ts  indicate that increases  
in coating weight gain above 3570 have l e s s  effect on the low temperature  
thermal  protection mechanism than the initial portion of the coating weight 
gain. This means that la rge  coating weight gains a r e  not needed to achieve 
tempera ture  stability when exposed to 2300°F thermal  cycles. 
gave s imi la r  resul ts  using three types of silicon carbide powders with 
the silicon metal  being the same in  all cases.  

Run M103 

Flexure strength appears t o  be m o r e  strongly influenced by 
coating weight gain than by varying pack powders. 
4-18 and 4-20. 

This i s  shown on Figures  
Ser ies  B i l lustrates  this phenomenon and shows that flexure 
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strength decreases  when coating weight increases  a r e  experienced. 
ing penetration into the substrate  evidently converts the available R P P  
carbon, forming a new combination of mater ia l s ,  which a r e  d iss imi la r  
enough to reduce the system strength. 
to gaining higher strength without losing oxidation protection. Se r i e s  C 
a l so  shows this strength reduction a s  the coating weight increases .  The 
superior  behavior of the Series  D M107-15 sys tem indicates that coating 
weight gains near  38. 7% were adequate enough to provide 2300 F oxidation 
protection, a mission life of 148 and flexure strength in excess of 15,000 
psi. A weight gain of 62. 370 reduced the strength 5070 and cut the predicted 
mission life to 35, assuming mission life is based on an allowable coating 
recession of 0.010 in. The systems with the higher weight gain s e e m  
to embri t t le  the remaining virgin R P P ,  casuing what  would be severe  mis- 
matches between the coating and substrate.  
reduced strength and lowered plasma a r c  performance. 
that coating thickness tolerance bands coula be established and maintained 
by proper  processing. 
of Se r i e s  B, C, and D that strengths above 10,000 psi  can be consistently 
achieved if weight gains not exceeding 4070 a r e  maintained. 
miss ion  life is also greater than the 100 missions required.  

Coat- 

Coating depth control is one facet  

0 

This has shown up as  a 
It would appear  

Ser ies  G, H, and I generally confirm the resu l t s  

The predicted 

The weight gain in ser ies  J (M108-1) and B (M97A-6) of 6.470 
and 15. 8% was  so slight that  a completely sealed sys tem was not obtained 
and coating discontinuities permitted oxygen penetration to  the R P P  sub- 
s t ra te  during plasma a r c  exposures. 
ea r ly  burn-through. 

This resul ted in  coating collapse and 

The room temperature  flexure strength appears  t o  be relatively 
insensitive to  lot-to-lot variations and combinations of silicon and silicon 
carbide. Silicon lot 468 combined with silicon carbide lots 822992 and 
A7058 produced specimens with both low and high strength. The low 
strength pe r fo rmers  had the highest weight gain. The weight increase  
experienced by R P P  in the coating process  i s  a n  indication of the relative 
coating depth to  be expected. 

It i s  c lear  f r o m  examination of Figures  4-18 and 4-21 that 
t he re  is no par t icular  correlation between weight gain during coating and 
the predicted mission life (assumine coating depth is  in excess  of 0. 010 
inch, since mission life is based on an  allowable weight loss  equivalent to 
0.010 inch surface recession) .  I t  is noted, however, that the data p r e -  
dominately falls above the 100 mission life line, adding confidence that the 
shuttle requirements wi l l  be met.  The mission life shown is  based on 

164 



0 
2750 F maximum radiation equilibrium temperature  and includes no 
relieving effects f rom internal c ros s  radiation o r  low catalycity. 

It has  been noted that coating depth has  a significant effect on 

The var ia -  
f lexure strength. 
A typical coating/substrate interface is shown in Figure 4-22 .  
tion in  coating depth between the edge and flat  surface of R P P  coated at 
3100 F for  four hours i s  shown. 
was 7300 ps i  and coating weight gain was  2570. Photograph A shows p r e -  
ferential  coating penetration along the fiber bundles to near ly  0.040 inch 
thick. It appears  that coating entrance is mainly through the cut end of 
f iber  bundles. Shallower a reas ,  where coating depth i s  near  0.025 inch, 
a r e  caused by the diffusion process  meeting with localized across- f iber  
res is tance.  Photograph B shows a more  uniform coating diffusion depth 
near  0.025 inch on the flat surface of the specimen where all fiber bundles 
a r e  essentially ac ross  the coating flow direction. The coating appears  
tightly adherent to the R P P  substrate  and the coating/substrate interface 
is sharply defined. 
interface,  would be more  l ikely to smooth out any existing mismatches 
between the coating and R P P  subs t ra te .  
throughout its depth and has  filled well the natural  pores  of the R P P .  The 
coating is continuous over the surface of the R P P  with a very  slight densi-  
fication appearing at the coating surface. 
o r  separation of the fiber bundles. 

This may  be partially due to coating/substrate mismatch. 

0 The flexure strength of the specimen 

A density gradient of some depth, present  at the 

The coating appears  uniform 

Visually, there  is  no splitting 

The temperature  at which coating is performed has  a p ro -  
A calibration and nounced effect on the depth and quality of the coating. 

analysis of the coating process  discussed previously was conducted to 
develop a bet ter  understanding of re tor t  design to achieve uniform tempera-  
tu res  on all specimens during coating. Ser ies  C, H, I, J ,  K,  and L in 
Figure 4-18 were run to  confirm the analysis and prove that it was  possible 
to achieve more  uniform heat-up in re tor ts  using graphite plates to conduct 
heat into the desired locations. 
m e t e r  (12 inches) "pancake" (3 -inch high) style stockable re tor t s .  This 
allowed the re tor t  surface temperature  to be decreased by 1 O O 0 F ,  while 
still achieving the same coating weight gain. 

This was accomplished with la rge  dia- 

More recent  investigations of factors  affecting coating per  - 
formance have centered on the differences between various s tar t ing 
ingredients. Both silicon and silicon carbide have been examined. It 
appears  that  the silicon quality has  a significant effect on plasma a r c  p e r -  
formance but data is l imited and at this point i s  somewhat inconclusive. 
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(50x1 
6 - COATING DEPTH AT ON FLAT SURFACE OF SPECIMEN 

FIGURE 4-22 PHOTOMICROGRAPH OF SPECIMEN SHOWING COATING 
(DARKENED AREA) DIFFUSION DEPTH 
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Alumina variations have not been studied because only one lot of mater ia l  
has thus far been used. 
produced interesting and important resu l t s .  Principally,  the study com- 
pared green and black silicon carbide and thc effects on post coating heat 
treatment.  

Examination of silicon carbide has ,  however, 

Performance data for  the silicon carbide variations a r e  sum- 
mar ized  in Figures  4-23 through 4-28. Flexural  strength and weight loss  
a f te r  five cycles in the Pereny  furnace at  2300 F for, 10,minutes per  cycle 
a r e  plotted in Figures  4-23 through 4-26 for as-fabricated 'and heat t reated 
mater ia l .  

0 

An analysis of F igures  4-23 and 4-24 for  green silicon carbide 
indicates that there  is ve ry  l i t t le change in the flexure strength when the 
heat  t rea ted  strength is compared to the as -fabricated mater ia l .  
when the flexure strengths a f te r  five cycles a t  2300 F a r e  examined (Figure 
4-24), it i s  evident that the present  heat t rea t inggrocedure  reduces the 
capability to  withstand oxidation a t  o r  below 2300 F to some extent. 
decrease  in flexure strength is more  pronounced when the coating percent 
weight gain i s  l e s s  than 25%. 
of weight loss of the heat t reated specimens during the five cycles a t  
2300 F when compared to  the as-coated material. 

However, 
0 

The 

This  is a l so  substantiated by the increased level 

0 

The results using black silicon carbide given in Figures  4-25 
and 4-26 a r e  v e r y  similar to those for  green silicon carbide. The major  
difference is that the black silicon carbide coated specimens appear t o  be 
slightly more  susceptible to oxygen penetration, which resu l t s  in a grea te r  
weight l o s s  during the 5 cycle tes t  at 2300°F than the green silicon carbide.  
Fu r the r ,  coating adherence af ter  thermal  exposure in the Pe reny  i s  poorer  
than with the green silicon carbide. 

The plots of mission life versus coating percent weight gain 
a r e  given in F igures  4-27 and 4-28. These plots do not show a mission 
life t rend with coating percent weight gain. However, increased  mission 
life i s  evident in these plots for  both the green and black silicon carbide 
when a post coating heat t reatment  is employed. Recent runs have shown 
that it is possible to  increase  the mission life by raising the coating 
tempera ture  in the r e to r t  without having t o  r e s o r t  to heat treating. 
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FLEXURE STRENGTH 103 PSI %WEIGHT CHANGE 
5 PERENY FURNACE CYCLES 

I AFTER 5 CYCLES (10 MIN.) AT 230OoF - 

FLEXURE STRENGTH - 103 PSI %WEIGHT CHANGE 
5 PERENY FURNACE CYCLES 

-' 2 3 W F ,  10 MIN/CYCLE 

2300OF. 10 MIN/CYCLE 

FIGURE 4-26 BLACK SILICON CARBIDE - HEAT TREATED 
CHARACTER I ZATl ON 
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P r o c e s s  Sca le-up  - The abrupt shift in direction f rom coating 
many smal l  R P P  coupons to the l a rge r  size complex leading edge segments 
has been a revelation in processing carbon-carbon type hardware.  
doubtedly, the ear l iez  premise  that la rge  complex par t s  could be fabricated 
successfully, utilizing pack techniques, has  been proved. In fact, the 
ease  with which the leading edge segments were coated lends confidence 
that the problem a r e a s  encountered can be worked to sat isfactory con- 
clusions. The process  appears  to have much more  flexibility than that 
needed to coat components successfully. However, severa l  a r e a s  of concern 
and attending problems a r e  discussed below. 

Un- 

(1) Blending of Powder Charge - A 100 lb. quantity of 
powder mix needed t o  load one l a rge  re tor t  was blended 
on a ball  mill in seve ra l  smal le r  batches. It was found 
that a difference existed between the small batches 
blended for development work and the larger batches for 
scale-up. Much longer t imes  were needed to  thoroughly 
mix the th i r ty  pound batches. Oven drying the powder 
solved the blending problem and was  instituted as a 
standard.  Ideally, a mixer  l a rge  enough t o  handle a 
full charge is required,  preferably one that functions 
by dividing the charge into equal pa r t s  and then r e -  
combining it once p e r  revolution as opposed t o  the 
cascading effect of the ball  j a rs .  A small mixer  of 
this type is available for experimental  mater ia l  batches. 

(2) Coating Surface Craze - A craze  condition has been noticed 
on la rge  pa r t s  and smal l  specimens. 
pat tern follows the fiber direction of the cloth and 
impar t s  a checkered appearance to the surface.  
heaviest in  the warp direction. Crazing has  been 
observed t o  occur on smal l  coated t e s t  parts af ter  
coating, af ter  heat treating, and af ter  t he rma l  cycling. 
It was a l so  observed on one of the three  leading edge 
segments a f te r  coating and the coated wing t ip panel. 
The effect of crazing on system performance has not 
yet been proven detrimental  since c razed  pa r t s  have 
performed well i n  plasma a r c  t e s t  and air furnace 
tes t ,  and have good flexure strength. 
confidence in the R P P  sys tem wil l  be gained if crazing 
is diminished. 

Generally, the 

It is 

However, increased 
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The crazed coating surface is probably the resu l t  of 
insufficient diffusion zone at the RPP/coat ing inter-  
face, which i s  controllable by adequate up-heat r a m p  
time during coating run. This diffusion zone works 
a s  an expansion gradient to  smooth out mismatches 
between the coating and R P P  substrate. Effort wi l l  
be required to continue investigation of the resul ts  of 
run M168, that produced craze f ree  specimens af ter  
coating 
at 2300 F. 

after heat t r ea t ,  and af ter  five Pe reny  cycles b 

(3)  Delamination - The introduction of good machine shop 
pract ices  has greatly reduced the incidence of edge 
delamination o r  cracking noticed on coated par ts .  
was determined that grinding, instead of cutting the 
edges of uncoated R P P  to  fashion specimens,  lessened 
the chance for delamination to  occur. Coating tes t s  
on ground and cut surfaces  c lear ly  show this d i s -  
tinction. 

It 

(4) Tempera ture  Control of Coating Retort  - More attention 
needs to be given to uniform heating of the packed R P P  
par t s .  Non-uniform heating can cause ser ious coating 
variations. In the design of re tor t s ,  it i s  important to  
place par t s  close to re tor t  walls where packing pro-  
cedures permit. Thermal  analyses have been performed 
and additional analysis m a y  be necessary to define 
cr i t ical  pack thickness dimensions and ways to construct 
heat paths into the R P P  par t s .  Packing techniques need 
to  be explored further to  determine pack thicknesses and 
pack densities that might aid in smoothing out tempera-  
tu re  gradients. Packed re tor t s  need to be instrumented 
with thermocouples to determine precisely the tempera-  
ture  profile obtained and needed for  a chosen part. 

( 5 )  Warpage of P a r t s  - Warpage of R P P  par t s  was a problem 
before the advent of the tight pack which, in effect, acts 
a s  a fixture to  maintain the shape of the part .  This was 
shown to be t rue  when the leading edge segments and 
belly panels were coated. 
distortion due to coating was noticed. 

Little o r  no dimensional 
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(6) Coating Uniformity - The visual appearance of the 
leading edge segments and wing tip panel a f te r  
coating was generally good. However, coating 
thickness and uniformity a r e  unknown. 
necessary  to destructively examine one of these pa r t s  
in detail by sectioning to determine adequacy of the coating. 
Also, some discoloration was noted on the back side 
of two of the leading edges. 
analyze these discolored a r e a s  t o  determine if some 
concentration of an unwanted chemical compound is 
present.  Coating uniformity on la rge  par t s  must be 
known to aid in the design of re tor t s  and to refine 
t ime/ tempera ture  profiles. 

I t  will  be 

It i s  advisable to chemically 

4.3.3 Hafnium Tantalum Coating 

In Phase I investigation of a 90% hafnium-10% tantalum eutectic 
mixture applied a s  a melt  coating to RPP-0  was made. This coating with- 
stood multi-cycle exposure in plasma a r c  testing at surface tempera tures  
exceeding 4000OF. It was the only coating sys tem examined o r  known that 
could withstand m o r e  than two o r  th ree  exposures at these severe  surface 
temperatures .  
f r o m  a mixture of hahiurn  and tantalum powders with subsequent mel t  im- 
pregnation into RPP-0  in an  iner t  atmosphere.  
penetration of the substrate  was achieved and the coating withstood five 
5-minute cycles of exposure in the plasma a r c  at a heat flux ra te  of 140 
BTU/ft 
2).  The amount of coating applied was approximately 5 g rams  on a 3 / 4  
inch disc of RPP-0.  
using the same techniques were unsuccessful because the melt  did not wet  
and flow into the substrate .  

The material system was prepared by pressing a wafer 

Good wetting and depth of 

2 s e c  with no surface recession and a slight m a s s  lo s s  (Reference 

Attempts to  apply the coating to RPP-3  a t  that  t ime 

In Phase I1 this investigation w a s  continued using al ternate  
approaches to determine i f  the coating could be successfully applied to the 
higher strength reimpregnated substrates  R P P - 1 ,  R P P - 2 ,  and RPP-3. 
T e s t  specimens were 3 /4  inch discs ,  13 plies thick, and an  induction 
heater  operating in a helium atmos he re  was used to  provide the melt  
t empera ture  of approximately 3600 F. The effect of the following pre  - 
conditioning t reatments  was evaluated (a) pre-oxidation of the R P P  
to deglaze the surface,  (b) heat t reatment  of the R P P  to  drive off possible 
contaminants and/or  gasses  that could block penetration and (c )  graphitiza- 
tion of the R P P  to achieve the same goals a s  (b) and to evaluate the wetta- 
bility of the graphite s t ruc ture  of the r e s i n  char. 

8 

The efficiency of two 



fluxing agents combined with the hafnium-tantalum eutectic to provide a 
cleaning and wetting action on the R P P  substrate ,  and a technique wherein 

. the hafnium-tantalum was applied to the substrate  a s  a s l u r r y  and sub- 
sequently melted were also investigated. RPP fabricated by the standard 
autoclave technique was examined a s  well as  R P P  fabricated by a vacuum 
bag technique, which produces a more porous mater ia l .  
resul ts  of these investigations a r e  l is ted in Table 4-11. 

A summary  of the 

It was confirmed that the coating could be applied to  RPP-0  with 
However, numerous t r ia ls  failed to achieve a 5 gram good penetration. 

loading goal, which was accomplished in Phase I, and the specimens failed 
to withstand three 10-minute cycles in the plasma a r c  at a heat flux of 130 
BTU/ft2 sec.  Limited success  was realized with R P P - 1  and R P P - 2  using 
the pressed  wafer technique. Some specimens showed fair  penetration but 
t h e r e  was a marked tendency for the melt  to run off the specimen, and the 
desired five gram loading could not be obtained. 

Pre-oxidation of RPP-3  was found to provide some degree of 
0 wetting and penetration. A specimen pre-oxidized at 1020 F fo r  45 minutes 

produced a coating with penetration but it was noted that approximately half 
of the mel t  r a n  off of the specimen indicating that penetration was shallow. 
A specimen pre-oxidized one hour a t  1040 F showed some wetting of the 
substrate  but a ridge of metal  was left standing on the surface,  indicating once 
again that penetration was minor. An attempt was made to apply a five 
gram coating to an  RPP-3  specimen which had been pre-oxidized 57 minutes 
at 104O0F. The coating was applied in two separate  mel ts  in  wafers of 
2 . 5  grams each. 
portion of the melt  flowing off the specimen. 
in  the second melt. 
of the specimen in  c ros s  section showed that penetration was l imited to the 
f i r s t  ply of the substrate.  
cylindrical wall of the specimen, where the exposed ends of the graphite 
fiber bundles provide relatively large porosity. Penetration of the melt  
into the substrate i s  evidently dependent upon available porosity and p r e -  
oxidation of the R P P - 3  provides some surface porosity, but when this i s  
filled, the excess  mel t  flows over the side of the specimen and i s  lost. 
Severe p re  -oxidation would allow greater  penetration but this is equivalent 
to using RPP-0  a s  the substrate  mater ia l .  

0 

The first application produced a thin coating with a la rge  
Similar  resu l t s  were obtained 

The final coating weight was three  grams.  Examination 

Most of the coating was concentrated in the 

The effect of heat treating RPP-3  at 4500 and 3900°F was 
found to be negligible. 
and lifted easily. 
of penetration. 

Melts applied to these specimens did not penetrate 
Specimens graphitized a t  4500 F showed the same lack 0 
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TABLE 4-11 RESULTS OF HAFNIUM-TANTALUM 
COATING APPLICATION T O  R P P  

Application F o r m  Fabrication Results Plasma Results 

HEAT FLUX 
Pellet  o r  S lu r ry  Degree of Coating Wt .  130 BTU/ft2-sec 
Wt .  i n G r a m s  Penetration G r a m s  10 minutes/cycle Substrate 

(Autoclave 
Fabricated) 

RPP-O 
RPP-O 
RPP-O 
RPP-O 
R P P -  1 
RPP-O 
R P P - 1  
R P P - 1  
RPP-O 
RPP-O 
RPP-O 
RPP-O 
RPP-O 
R P P - I  
R P P -  1 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

3.0 
2.0 
1. 5 
1.3 
1.5 
1.4 
2.0 
2.5 
1.4 
1.7 
1.7 
1.7 
2.5 
2.5 
3.0 

Good 
Good 
Good 
Good 
Fair 
Fair 
Fair, 
Fair 
Good 
Good 
Good 
Good 
Good 
Fair 
Fair 

1. 8 
1.7 
1.4 
1.2 
1.4 
1.3 
1.9 
2.4 
1.4 
1.6 
1.6 
1.6 
2.4 
2.4 
2.9 

- 
- 
- - 

2 cycle limit - 
3 cycle limit 

coating de stroved 
f i r  s t  cycle - 2 .4  2.5 Fair specimen 

delaminated 
None 
Fair, coating 
cracked 
Fair, coating 
cracked 
Fair, coating 
cracked 
None 
Fair 
Fair, Coating 
cracked 
None 
None 

R P P - 1  P 

2 . 9  
2 .4  

P 
P 

3.0 
2.5 

RPP-2  
RPP-2 

1.9 P 2.0 RPP-2  

2 .1  2.2 RPP-2  P 

2.0 
2.3 
2 .4  

P 
P 
P 

2.2 
2 .4  
2 . 5  

- 
1 cycle limit - 

R P P - 3  
RPP-2  
R P P - 2  

2.2 
1.9 

P(l70 T i )  
P (170 Ti) 

2 .4  
2 .0 

RPP-3  
R P P - 3  
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TABLE 4- 11 RESULTS OF HAFNIUM-TANTALUM 
COATING APPLICATION TO R P P  (Cont'd. ) 

Application F o r m  Fabrication Results Plasma Results 

HEAT FLUF 
Pel le t  o r  S lu r ry  Degree of Coating Wt. 130 BTU/ftL -sec  

1 O minute s / cycle Grams Substrate Wt.  inGrams Penetration 

R P P - 3  P 2.2 None 1 .9  
RPP-3  Pre-oxid. P 2.2 None 2.1 
1 H r . ,  900°F 

1 Hr . ,  1020°F 

30 min. 1020°F 

45 min. 1020°F 

35 min 1020'F 

45 min. 1 0 2 0 ~ ~  

RPP-3  Pre-oxid. P 

R P P - 3  Pre-oxid. P 

R P P - 3  Pre-oxid. P 

R P P - 3  Pre-oxid.  P 

R P P - 3  Pre-oxid. P 

RPP-3  Pre-oxid.  P 

2 .4  Good, coating 2 . 4  
cracked 

cracked 

2 .4  Fair, coating 2.1 

2. 5 Fair 2 . 0  

2.5 None 2.5 

3.0 Good 2 . 1  

3.0 Good 1. 8 
45 min. 1 0 2 0 ~ ~  

40 min. 1020°F 

55 min. ~ O O O O F  

57 min. 1040°F (2 applications) 

45 min. 1030°F 

3400 F 

3900°F 

Graphitize d 

RPP-3  Pre-oxid.  P 2 .5  

R P P - 3  P r e  -oxid. P 3.0 

RPP-3  Pre-oxid.  P 5.0 

RPP-3  Pre-oxid. P 3.0 

RPP-%Heat  Trea t .  P 1.0 

RPP-3  Heat Trea t .  P 2.5 

RPP-3  P 3.0 

RPP-3  P(l% Ti )  3.0 

Good, specimen 2 .5  
delaminated 
Fair 2.5 

Fair 3.0 

Fair 1.7 

None 1 . 0  

None 2 .2  

None 3 .0  

None 3.0 
Graphitized 

2.6 R P P - 3  Heat Treat .  S 2.7 None - 
O O O F  
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TABLE 4-11 RESULTS OF HAFNIUM TANTALUM 
COATING APPLICATION TO R P P  (Cont'd. ) 

Applica-ion F o r m  Fabrication Results P lasma Resul 

HEAT FLU& 

:S 

Pel le t  o r  S lu r ry  Degree of Coating W t .  130 BTU/ftL-sec 
Substrate Wt. i n G r a m s  Penetration Grams 10 minutes/cycle 

RPP-3  
RPP-0  P r e  -oxid. 
20 min. ~ O O O O F  

RPP-0  P r e  -oxid. 
15 A n .  1000°F 

RPP-O 

(Vacuum Bag 
Fabricated)  

RPP-0 
RPP-0  
RPP-0  
RPP-0  
RPP-0  
RPP-0  
RPP-0  
R P P -  1 
R P P - 1  

S 
S 

S 

S 

P 
P 
S 
S 
P 
P 
P 
P 
S .  

2.0 
2 . 9  

2.0 

2. 8 

None 2 .0  
Good, specimen 2 .8  
delaminated 
Good , coating 1 . 8  
cracked 
Fair, specimen 2.6 
delaminated 

3.2 Good 
5.0 Good 
3 . 1  Good 
3 . 9  Good 
5.0 Good 
5.0 Good 
5 . 0  Good 
5.0 None 
5.0 None 

3.2 
4.8 
3.0 
3.8 
4.6 
4.4 
3 . 6  
2. 8 
3.7 

- - - 
2 cycle limit 
3 cycle limit 

1 cycle l imit  
- 
- 
- 
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The effect of titanium powder mixed with the hafnium- 
tantalum eutectic in the amount of 1 weight percent to provide a fluxing 
action was also negligible in improving penetration into RPP-3. 
resul ts  were also obtained with copper powder applied in  the same pro-  
portion. 

Negative 

The application of the hafnium-tantalum eutectic in the fo rm 
of a s lu r ry  did not appreciably improve penetration into R P P - 3 .  
was formed by mixing the hafnium-tantalum powders with an aqueous methocel 
solution to the consistency of a thick c ream.  
alternated with oven drying at 200 F, were required to build up a m a s s  con- 
taining approximately 2.5 graphs of the eutectic, Penetration was negligible 
but it was noted that the melt showed li t t le tendency to  flow off of the speci-  
men. 

The s lu r ry  

Repeated brush applications, 
0 

All of the preceding work was done with R P P  specimens fabri-  
cated by standard autoclave technique. Since it was not possible to achieve 
the desired five g r a m  loading even with standard R P P - 0 ,  l imited investiga- 
tion was conducted with R P P - 0  fabricated by vacuum bag technique where 
it was found that a five g r a m  loading could be approached. Examination 
of the c ros s  section of a specimen with approximately five g r a m  loading 
revealed that the melt had penetrated completely through the specimen. 
in the plasma a r c  showed that this type coating failed a f t e r  th ree  cycles. 
With the g r e a t  amount of penetration there  was a relatively smal l  amount of 
coating left at the surface of the specimen to  provide oxidation resistance.  
Coatings applied to  vacuum bag fabricated R P P - 1  failed to  penetrate and 
lifted easily,  indicating that the reimpregnation process  had filled the 
available porosity. This investigation was continued to determine the 
feasibility of applying the coating by multiple applications in order  to obtain 
a thicker coating on the surface. It was found that melts applied subsequent 
to the f i r s t  coating showed considerable tendency to  run  off of the specimen 
surface. However , by varying the relative amount of coating applied during 
applications two specimens were prepared with coating weights of approxi- 
mately 5 g rams  which exhibited a th ree  to  five cycle limit in the plasma 
a r c .  

Tes t s  

Table 4-12 summar izes  the resul ts  of this investigation. 

A limited amount of work was done to  investigate the feasibility 
of applying the coating by melting the eutectic simultaneously onto the upper 
and lower surfaces of the specimen. 
was supported on RPP-3 since it was known that the melt  would not adhere 
to  this material .  The initial t r i a l  using this technique showed that the melt  
would wick up into the RPP-0  f r o m  the lower surface. 
pared with a 4.0 g r a m  wafer on the top surface and 3.0 g rams  on the lower. 

The lower hafnium-tantalum wafer 

A specimen was p re -  
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Penetration of the melt  into the specimen was good yielding a coating 
weight of 6 .3  grams.  
the 4.0 gram wafer was exposed to the plasma a rc .  After four cycles 
the specimen showed a weight loss  of 0.40J0, after the fifth cycle it was 
1.7% with slight flaking of the oxidized surface,  and af ter  the sixth cycle 
the total accumulated weight loss  was 3.5% with considerable flaking of 
the surface.  
a r c  a t  surface temperatures  in the 3200-3700 F range 

The surface of the specimen which had contained 

Six cycles represented one-half hour exposure in the plasma 
0 

It appears  that the life of the hafnium-tantalum sys tem i s  
more  closely associated with the number of exposures a s  opposed to  the accumu- 
lated t ime of exposure. 
top and bottom of the specimen, a life limit of five or  six missions can be 
obtained at temperatures  in the 4000°F region. 
Hf'Ta coating, therefore,  falls  far  short  of the,  100-mission goal. 
for  localized high temperature  problem a r e a s ,  the sys tem may have mer i t .  
Because of the l imited application, further work on this sys t em was dis- 
continued to concentrate on other program tasks.  

Using the technique of applying coating to both the 

The mission life of the 
However, 

4.4 CONCLUSIONS AND RECOMMENDATIONS 

Ful l  s ize  hardware reflecting al l  requirements  recognized 
a t  this stage of the space shuttle design has been built and tested in Phase  
II. It has  been only a short  t ime -- l ess  than two years  -- since smal l  
element buttons perhaps three inches or  so in s ize  represented the best  
state-of -the-art for  oxidation protection of carbon/carbon composites. 
In process  scale-up such a s  accomplished in Phase  11, it is m o r e  the rule  
than the exception that unpredicted problems a r i s e  and these often seriously 
endanger successful completion of the hardware program. 
mater ia ls  and processing problems encountered in Phase  11 have been 
relatively f r e e  f r o m  serious development problems.  

However, 

The following l i s t  of significant conclusions reached from 
Phase  I1 investigations i s  indicative of the very good posture for moving 
into Phase  I11 of the program: 

(1) Large  and complex shapes of good quality can be laminated 
with techniques adopted f r o m  standard reinforced plastic 
fabrication procedures.  

(2 )  Local debulking in wrinkle-prone a r e a s  to give good, 
smooth fillet a reas ,  joggles, and upstanding flanges at  
90' to the skin plane can be accomplished. 
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( 3 )  Scake-up of the pyrolyzation process  and good dimensional 
control using graphite restraining tools was proven 
practical. 

(4) The feasibility of a rivet/bond attachment method was 
demonstrated and a pyrolyzed carbon/carbon bond line 
was shown to have good integrity. 

(5) The pack process  is suitable f o r  producing full s ize  
complex R P P  shapes, and the coated surface appearance 
is acceptable and uniform. 

( 6 )  The coating process  dces not cause dimensional changes 
and par t s  remain t rue  in s ize  and shape. 

(7) Diffusion depth of coating appears to be controllable. 

(8) Coating mater ia ls  suppliers have been identified with 
production facilities to supply future powder quantity 
and quality requirements.  

(9) Random delamination which occurred on coated specimens 
can be minimized by revised machining techniques in the 
uncoated state. 

(10) Pre l iminary  evaluation of reused pack mater ia l  has 
indicated that large substantial savings a r e  possible 
without performance loss of the finished product. 

(1  1) Experiments have indicated that a higher coating tempera-  
tu re  wi l l  permit  elimination of the heat-treat  cycle while 
achieving the same performance level. 

(12) The hafnium. tantalum coating with high surface temperature  
capability (4000OF) has reuse  capability limited to 5 or  6 
m i s s  ions. 

The following recommendations a r e  made in support of the 
continued refinement of the siliconized RPP system: 

(1) Increased emphasis should be placed on improving the 
thermal  expansion match between coating and substrate  
to reduce coating crazing, which can add to mission life. 
This involves both coating and substrate improvement. 
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( 2 )  Detailed analysis of the coating should be conducted 
to better understand the factors  affecting coating 
performance. This should lead to improved coating 
quality and reproducibility. 

( 3 )  Continue refinement of processing to eliminate heat 
treating. This would reduce cost, simplify the process ,  
and possibly add to mission life. 
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. 
5.0 MATERIALS EVALUATION 

. . '  

In order  to evaluate total mission performance capability of 
the s elected diffusion c oat ed c a r  bon-carbon mater ia l  system, consider at  ion 
must  be given to system strength before and after thermal  and load exposure, 
and coating oxidation (recession)  res is tance in the entry environment. The 
Phase  I1 mater ia l s  tes t  p rog ram explored a wide range of mater ia ls  pro-  
per t ies  over the useful temperature  range and examined fatigue, strength 
changes with thermal/oxidation mission life cycling, and coating removal 
r a t e  with mission/ temperature  cycling. 
summar izes  the basic mater ia l  property data gathered on the program and 
discusses the significance of the data on design and mater ia l  sys tem 
mission life. Only that data considered to represent  the selected mater ia ls  
process  is included in this section a s  design data. 
strength and plasma tes t s  leading to process  selection a r e  included in other 
sections of the report  o r  in the Appendices. 

This section of the report  

Development data on 

It is of p r ime  importance to the evaluation of the coating sys tem 

In Phase  I i t  was demonstrated by 
to analyze the ability to provide oxidation resis tance to meet  mission life 
requirements  in the entry environment. 
t es t  and analysis that if the boundary layer a i r  is dissociated low surface 
temperatures  will  result  because of the low catalytic reaction r a t e  at  the 
surface of the VMSC coatings. 
cover the alternate condition, wherein the boundary layer a i r  is not 
dissociated. There  is  evidence that in  this case,  although temperatures  
a r e  not reduced, the reactivity of the molecular constituents with the 
silicon carbide coating is o rde r s  of magnitude l e s s  than that of atomic 
oxygen and nitrogen encountered in plasma a r c  testing. 
whether the a i r  i s  dissociated o r  not, current  plasma a r c  tes t  data appears 
highly conservative, when evaluated on a temperature  rather than heat 
flux basis.  
flow to produce aerodynamic shearing s t r e s s e s  has shown the possibility 
that this can produce higher m a s s  loss. Data is widely scat tered so that 
firm conclusions on the performance of the selected coating formulation 
under high shear  s t r e s s  conditions cannot be made until extensive testing 
i s  performed. 

' . 

The Phase  I work has been extended to 

In either event, 

Exploration of m a s s  loss ra tes  on specimens inclined to the 

Mission life predictions on the basis  of coating recession alone 
i s  only one half of the answer to define life l imits of the mater ia l  system. 
Subsurface oxidation of the uncoated (pr ime load carrying) portion of the 
substrate  can also occur by oxygen diffusing through the coating. 
could produce two of possible effects: (1)  the substrate could oxidize and 
reduce laminate strength o r  (2)  the interface between coating and substrate 
could oxidize and resul t  in coating peel. 

This 

Either of these could l imit  sys tem 
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life. 
if mission life would be restr ic ted below the 100 goal. 
included herein. 

Thermal/oxidation tes t s  were  conducted in an effort to determine 
Results a r e  

Materials static properties data were  obtained over a wide 

In Phase  I there  were  indications that the siliconized sys tem 
temperature  range to determine if problem a reas  existed in any tes t  
region. 
experienced a strength reduction in the 1400°F temperature  region. 
Phase  I1 coating shows no such tendency and in general  elevated and 
cryogenic temperature  properties exceed room temperature  values. 

The 

Fatigue tes t s  conducted to establish life l imits resulted in 
surprisingly high r e s i s t  nce to ear ly  failure. 
endurance limits ( > 10 
flight environments. 

Experimental  s t r e s s  % cycles) were  substantially in excess of expected 

Details of the tes t s  and their implications on design a r e  discussed 
in the following sections. 

5.1 COATING MISSION LIFE PERFORMANCE 

Analyses of oxidation resistance of coated R P P  were  performed 
in order  to guide mater ia ls  development effort  in selection of optimum 
coating constituents and processing variables and to provide a prel iminary 
prediction of mater ia l  mission life. 
of effects of coating surface catalytic activity, possible mechanisms con- 
trolling surface removal,  effects of different reactants in the environment 
and effects of different flow configurations. Mission life predictions a r e  
presented a s  a r e  comparisons of acceptable plasma a r c  tes t  performance 
with final evaluation data fo r  the heat t reated 10-60-30 mater ia l  system. 

. 

These analyses included consideration 

5.1.1 Catalycity and Molecular Oxidation 

Surface Catalytic Effects - It was shown in the Phase  I effort of 
reference (2)  that siliconized and Zr-B-Si t reated R P P  'have demonstrated 
in plasma a r c  tes ts  a t  VMSC and NASA-MSC surface temperatures  sub- 
stantially below both radiation equilibrium values and values for  ba re  R P P .  
Consideration of possible explanations for this phenomena led to the con- 
clusion that a low level of surface catalytic activity on the coatings was 
the probable explanation for  the low temperatures.  
catalytic activity exposed to highly dissociated a i r  with non-equilibrium 
boundary layers  receive substantially lower convective heating ra tes  than 
highly catalytic surfaces.  
promote recombination reactions, and the atoms that reach the surface do 
not yield their heat of recombination. 

Surfaces with low 

This is  due to the fact that these surfaces  do not 
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Two conditions must  be satisfied f o r  the reduced convective 
heating ra tes  to be realized on a low catalytic activity surface. 
substantial portion of the total energy of the a i r  must  be dissociation 
energy, and the boundary layer must  be frozen, o r  nearly so. A frozen 
boundary layer i s  one in which the t ime required for an atom to recombine 
is long compared to the t ime for i t  to diffuse through the boundary layer.  
The Phase  I studies of reference (2)  indicated, that for the conditions of 
the VMSC 180KW plasma a r c  tes ts ,  the boundary layer should indeed be 
frozen. Fur thermore ,  the mode of operation of plasma a r c  tunnels 
a s su res  that a t  the a i r  enthalpies employed in the tes ts  the a i r  will be 
highly dissociated. Hence, the conditions in the plasma a r c  tes t s  a r e  
suitable for  substantial heating reductions on a low catalytic activity 
surface. Fur thermore ,  the Phase  I studies showed that the magnitude of 
heating reductions, a s  inferred f r o m  re-radiation heat fluxes on coated 
and uncoated R P P ,  were  consistent with theoretical reductions a s  developed 
by Goulard in reference (12). 

A 

Plasma  a r c  tes t  data obtained in final evaluation of the heat 
t reated 10-60-30 coating system, a s  shown in F igures  5-1 and 5-2 a r e  in 
substantial agreement  with the Phase  I data for the M-30 siliconized 
system. F igure  5 - 1  presents  measured surface temperature  for the 
coated mater ia l  versus  bare  R P P  temperature.  
line for M-30 data is shown f o r  comparison. 
data shows somewhat greater  temperature  reduction for the coated mater ia l  
than the Phase  I data f o r  the M-30 material .  

The Phase  I correlation 
It i s  seen that the current  

The rat io  of heat f l u x  on a finite catalycity surface to that on a 
ful ly  catalytic surface Gs/qs,  fc versus  stagnation enthalpy is presented 
in F igure  5-2. 
of reradiation heat flux for  coated R P P  to that for bare  R P P .  
upon the assumption that bare  R P P  is fully catalytic, and that specimen 
heat losses  to the holder a r e  comparable for coated and uncoated mater ia l .  
The values fo r  the 10-60-30 heat t reated sys tem are compared with theo- 
re t ica l  reductions corresponding to a catalytic reaction r a t e  constant 
KW = 410 c m / s e c  and with curves f o r  zero and infinity catalycity. 
plasma a r c  tes t  data a r e  well correlated by Goulard's theoretical  relation 
with KW = 410 cm/sec .  This value of KW was also found to cor re la te  the 
Phase  I data for  the M-30 siliconized system. 

The values for coated R P P  were  assumed equal to the rat io  
This is based 

The 

Based upon the, Phase  I studies and the data presented above, i t  

Phase  I analyses for the 
appears  that low catalycity i s  the explanation f o r  the low surface temperatures  
measured  on coated R P P  in  plasma a r c  tests.  
straight wing orbi ter  indicated that i f  the low catalytic effects a r e  realized 
on the shuttle leading edge, order  of magnitude increases  in coating mission 
life could be realized a s  compared to those for the coating without low 

. .  
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catalycity effects. This is due to the extreme reduction in coating m a s s  
loss  r a t e  with reduced temperature.  
to predict surface temperature  of coated R P P  for the current  delta wing 
vehicle at  the maximum heating location on the wing, assuming that the 
low catalycity effects a r e  realized. 

Analyses were  therefore performed 

Results a r e  shown in F igure  5-3 which presents  computed surface 
temperature  a s  a function of entry time, compared with radiation equilibrium 
values. 
with a catalytic reaction r a t e  constant KW = 410 cm/sec .  
a 250°F reduction in peak temperature  due to low catalycity. 
peak temperature  is shifted to a la ter  point in the t ra jectory where low 
catalytic effects a r e  l e s s  important than at  400 seconds, due to lower enthalpy 
and higher pressure .  
is considerably l e s s  than that predicted in  Phase  I for  the straight wing 
orbi ter .  
associated lower degree of dissociation for the highly swept leading edge 
on the delta vehicle a s  compared with the straight wing vehicle. 
nificance of the predicted 250°F temperature  reduction to mission life will 
be discussed in section 5. 1.4. 

Calculations were  based upon Goulard's theory of reference (12), 

The t ime of 
Results indicate 

The temperature  reduction, while quite significant, 

This is due to  the lower local enthalpy a t  the stagnation line, and 

The sig- 

The predictions of entry low catalyt ic  effects in F igure  5-3 a r e  
based upon the assumptions of a completely frozen boundary with thermal  
equilibrium conditions at  the outer edge of the boundary layer.  The Phase  
I studies for  the straight wing orbi ter  indicated that, considering the 
t ra jectory flown, wing geometry, surface temperature  and wall catalycity, 
shuttle entry conditions should resul t  in a frozen boundary layer.  The 
altitude-velocity plots in  F igure  5-4 for the delta and straight wing vehicles 
show that the t ra jectory for  the delta wing vehicle i s  only slightly l e s s  
favorable fo r  a frozen boundary layer than that for  the straight wing orbiter.  
Fur thermore ,  leading edge p res su res  for  the delta wing vehicle a r e  con- 
siderably lower than those for  the straight wing vehicle, due to the high 
sweep back angle, which c rea tes  a m o r e  favorable condition for frozen 
boundary layer than that for  the straight wing orbi ter .  

The p r imary  uncertainty, a t  this point, regarding the extent of 
low catalytic effects to shuttle entry lies in  the s ta te  of the flow at the 
boundary layer  outer edge. If thermal  equilibrium is not attained, the 
extent of dissociation will be reduced and the temperature  reduction in 
F igure  5-3 will be corresponding diminished. 

It i s  important to note that if thermal  equilibrium is not attained 
a t  the outer edge of the boundary layer  and the boundary layer  flow is frozen, 
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not only will low catalytic effects be suppressed, but the composition of 
the gas reacting with the R P P  coating will be altered.  
case  of frozen flow i n  the f ree  s t ream,  shock wave, shock layer and 
boundary layer,  the coating surface would be exposed to only molecular 
oxygen and nitrogen. Since the plasma a r c  tes t s  used for evaluation 
of coating mass loss  ra tes  subject the coating to predominately 
dissociated a i r ,  i t  is worthwhile to consider the relative reactivit ies of 
oxygen and nitrogen, atoms and molecules. 
following section, which indicates that molecular reactants will probably 
be l e s s  reactive with coated R P P  than atomic reactants.  

In the extreme 

This i s  discussed in the 

It would be most  desirable to per form a detailed, non-equilibrium 
flow field analysis to determine the extent of dissociation around the leading 
edge a s  a function of entry t ime for use in the catalycity analysis. 
a r c  tes t s  could then be performed to evaluate coating m a s s  loss  perfor-  
mance with the predicted dissociation levels. 
performance could then be predicted based on real is t ic  entry temperatures  
and plasma tes t  data for  the proper  dissociation levels. 

P lasma 

Coating mission life 

Unfortunately, a detailed non-equilibrium flow field analysis 
will  be expensive and t ime consuming; hence, such resul ts  a r e  not expected 
to  be available until well into Phase  C/D. 
the problem during Phase  UI, however, by considering two limiting cases ,  
(1) The catalycity analysis will be baeed upon equilibrium dissociation 
behind the shock. Mission life will then be predicted based upon predicted 
surface temperatures  with low catalytic effects and plasma a r c  tes t s  data 
with dissociation levels corresponding to entry equilibrium values; (2) 
Mission life will a lso be predicted based upon no low catalytic effects and 
plasma a r c  tes t  data obtained under conditions where the flow is not 
dissociated. 
to flow chemistry and i t s  effects upon catalycity and coating oxidation rates .  

It should be possible to bound 

Both predictions will therefore be consistent with respect  

During the early stages of Phase  C/D, before detailed flow field 
analysis resul ts  a r e  available, i t  will be possible to estimate the degree 
of dissociation and heat t ransfer  a t  the stagnation line using a method 
developed in reference (17 ). This approximate, closed form, analytical 
solution includes effects of non-equilibrium chemical reactions throughout 
the shock layer.  
facilitate calculations using this method; however, i t  will provide ea r l i e r  
resul ts  than the detailed flow field analysis. 

A computer routine will probably be necessary to 

The discussion above re la tes  to the stagnation line of the leading 
Once the atom concentration a t  the outer edge of the boundary layer edge. 
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has been established, Chung's theory of References 18 and 19 can be 
employed to determine heating downstream of the stagnation line, 
inclurling effects o f  low catalycity. 
is  determining the atom concentration, a , at the surface and location 
of interest .  Once this i s  accomplished, the heat transfer ra te  due to 
atom diffusion and surface recombination, h ~ ,  i s  simply computed f rom 
the a i r  density at  the surface,  P w, reaction ra te  constant, Kw, and 
recombination energy, hr, using the relation, 

The pr imary  problem to be solved 

The total heat t ransfer  to the surface i s  simply the s u m  of Q D  and the 
heat t ransfer  due to convection of frozen thermal  and kinetic energy. 

C h u g  has obtained a solution f o r  the atom concentration, a , 
in t e r m s  of a Volterra integral  equation. 
subdividing the leading edge surface into smal l  sections and integrating 
the Volterra equation analytically for each section, based upon the local 
flow conditions and reaction r a t e  constant. 
summed numerically, step by step, beginning a t  the stagnation line, to 
obtain a continuous solution for the atom distribution over the leading 
edge. A computer code would facilitate the numerical  calculations. 
The calculations can be extended ac ross  the interface between the leading 
edge and main wing to determine the effect of low catalycity of the RPP 
on main wing in  the event that the main wing surface is highly catalytic. 

This equation i s  solved by 

The segmentized solutions a r e  

Relative Reactivities of A i r  Atoms and Molecules - A review of 
the l i terature  indicated the best  available data on the reactivity of oxygen 
and nitrogen atoms and moledulces with silicon carbide (the p r imary  con- 
stituent of siliconized R P P  coating) was obtained by Rosner and Allendorf, 
a s  reported in references (14) and (15). The data was obtained on the beta 
form of silicon carbide, which i s  the same f o r m  contained in siliconized 
R P P .  A microwave discharge device was used for  generating dissociated 
species, and specimens consisted of res is tance heated filaments of silicon 
carbide pyrolytically deposited on a tungsten core.  T rue  chemical kinetic 
reaction r a t e  measurements ,  f r ee  of gas phase diffusion phenomena, w e r e  
obtained by use of high flow velocities ( l o 4  cm/sec ,  directed normal  to 
the filaments), low total p re s su res  ( a 1  T o r r )  and smal l  specimen dia- 
meters  ( ~ 0 .  102 mm). Data was obtained for specimen temperatures  of 
2700°F to 3860'F. 
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Reaction ra tes  were  reported in t e rms  of a dimensionless 
absorbent atom removal probability, E , defined a s  the ratio of the 
observed Si o r  C atom f l u x ,  Z (Si, c ) ,  away f rom the filament to the 
impingement ra te ,  Zi of reactant (atoms or  molecules) per  unit a rea .  
The atom removal  probability data was cmverted to absolute m a s s  
removal ra tes  per  unit a rea ,  M as  shown in Figures  5-5 to 5-7, by use 
of the Hertz-Knudsen equation 

= m a s s  reactant species, (i = 0, 02, N, N2) mi where 

k = Boltzmann constant 

= pres su res  of reactant i pi 

T = specimen temperature  

Since Rosner  and Allendorf's experiments were  performed on 
pyrolytically deposited S i c  a s  contrasted with diffusion coated S i c  on 
R P P ,  i t  is important to a s s e s s  f i r s t  whether the chemical response of 
the two materials  to oxidation and nitridation a r e  comparable. 
response data on coated R P P  under controlled environmental conditions 
has been obtained in plasma a r c  tes t s  with an environment of 0, N and 

NZ. Rosner  and Allendorf obtained reaction r a t e  data for these reactants 
( a s  well a s  Oz), and found that both 0 and N ( a s  well a s  0 2 )  a r e  reactive, 
while N2 i s  relatively non-reactive. 
about 3050°F their results are correlated reasonably well  on an Arrhenius 
plot of In M versus  1/T for a constant value of pressure .  
with theory of absolute reaction ra tes  in reference (13) which indicates, 

All  of the 

Below a threshold temperature  of 

This is in line 

n - (Ei/RT) 

= K P . e  Mi 1 

where,  n = reaction order  

= activation energy Ei 

R = gas constant 

( 3 )  

K - - "constant" whose temperature  dependence i s  very 

weak compared to the exponential t e r m  
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Plasma a r c  tes t  data for the M-30 S i c  coated R P P  sys tem 
were  therefore compared with data of Rosner and Allendorf for 0 and N 
reactants on an Arrhenius plot with the resul ts  shown in F igure  5-5. 
mentioned above, this plot is strictly valid only for data corresponding 
to constant pressure .  
but only a very narrow one (factor of two total variation). 
for 0 and N reactants in F igure  5-5 corresponds to single value of pressure ,  
but a value orders  of magnitude lower than that f o r  the plasma a r c  test .  
Hence, only the slopes of the m a s s  loss  ra tes  with temperature  should be 
compared, which provides a valid comparison of activation energies E, a s  
shown in equation (3). 

A s  

The plasma tes t  data does cover a range of p re s su res ,  
Rosner 's  data 

It i s  seen in Figure  5-5 that the slopes of Rosner 's  data for 
pyrolytic S i c  and the data for  coated R P P  agree quite well, providing 
credence to the use of Rosner 's  data a s  representative of the relative 
reactivity of coated R P P  to different reactants.  It is remarkable  that 
Rosner 's  m a s s  loss data also agrees  reasonably well with the plasma tes t  
data in an absolute sense,  considering the o rde r s  of magnitude difference 
in pressures .  
data presentation in F igures  5-6 and 5-7. 

That this i s  not completely fortuitous can be seen by the 

- .  

Figure  5-7 presents  Rosner 's  m a s s  loss  data for  a constant 
temperature  of 3100OF as  a function of pressure .  It is seen that above a 
threshold p r e s s u r e  the dependence of m a s s  loss r a t e  on p res su re  i s  very 
weak, that i s ,  reaction order  n 2 5 O  f o r  N and 0 reactants.  Extrapolation 
of Rosner 's data to plasma tes t  p ressure  indicates reasonable agreement  
with plasma tes t  m a s s  loss  ra te .  
application of Rosner 's  data to understanding chemical reactivity of 
coated R P P .  

This provides additional confidence in  

It will be noted in Figure 5-7 that the m a s s  loss  ra te  of S i c  
to 0 actually decreases  with increasing p res su re  above a threshold value 
of pressure .  
loss  r a t e  in 0 and N and the negative dependence in O2 a s  due to formation 
of a thin protective layer of si l ica or  oxide of nitrogen on the surface,  with 
the r a t e  limiting mechanism being dissociative evaporation of this film. 
Such a film would be formed at  p ressures  above some threshold value, 
with the required p res su re  increasing with increased surface temperature.  
This would explain the change in slope of the m a s s  loss  versus  p re s su re  
curves in F igure  5-7. 
pressure ,  indicating bare  surface behavior, whereas  above some cr i t ical  
p ressure  the m a s s  loss decreases  o r  becomes independent of pressure ,  
indi c at  ing film behavior . 

2 
Rosner  explains the weak p res su re  dependence of SIC m a s s  

At low p res su res  the m a s s  loss increases  with 
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Rosner 's  data indicates, a s  shown in F igure  5-7, that a 
higher p re s su re  i s  required for film formation in O2 than in 0 o r  N, 
hence at  very low p res su res  O2 i s  more  reactive than 0 o r  N. 
at  the much higher p re s su res  of the plasma a r c  tes t s ,  and of entry, Rosner 's  
data indicates film formation would occur even in 0 Hence, the trends of 2 '  
Rosner 's  m a s s  loss data with increasing p res su re  indicate 0 to be more  
reactive than 0 2  a t  both plasma tes t  and entry p re s su res  at  3100'F. 
point i s  expanded in Figure 5-6. 

However, 

This 

F igure  5-6 presents  Rosner 's  m a s s  loss ra tes  of S i c  in 0 2  a s  
a function of p r e s s u r e  for  three specific temperatures,  compared with 
p lasma a r c  m a s s  loss ra tes  at  these temperatures.  
3100°F the m a s s  loss  r a t e  of S i c  in 0 2  a t  shuttle entry p re s su res  i s  
comparable to the m a s s  loss  ra tes  in plasma a r c  tests.  
3020°F the extrapolation of Rosner 's  data indicates O2 to be an  order  of 
magnitude l e s s  reactive, at  entry pressures ,  than the plasma tes t  
environment. At 2900°F, 0 is indicated to be even l e s s  reactive, relative 2 
to the plasma tes t  environment. 
radiation equilibrium temperature  for  entry is 2740'F. 

It. is seen that a t  

However, a t  

It will be noted that the maximum computed 

To place this discussion in perspective, if the a i r  a t  the outer 
edge of the boundary Layer during entry is highly dissociated, then a 
significant reduction in surface temperature  would be expected, due to 
effects of low catalycity of coated R P P ,  and surface m a s s  loss  ra tes  would 
be reduced dramatically. If the a i r  is not dissociated, no temperature  
reduction would occur, but Rosner 's  data indicates m a s s  loss  ra tes  would 
be f a r  lower than those experienced in the dissociated environment of plasma 
a r c  tes ts .  Therefore,  application of plasma a r c  tes t  m a s s  loss  ra tes  to 
the entry environment, in conjunction with the assumption of no temperature  
relief due to low catalycity, would appear to be highly conservative and 
unr eali  s t ic . 

Plasma  a r c  tes t s  in a nondissociated flow a r e  planned for Phase  
I11 in the NASA Ames a r c  heated rectangular duct facility, described in 
Reference 20, to confirm these tentative conclusions. High total p re s su res  
will be required to  obtain the necessary heating r a t e s  due to the low enthalpy 
required to avoid dissociation. and N2 

N2 i s  considered necessary since Rosner 's  resul ts  for  0 and N mixtures  
in reference (14) indicated significant coupling effects between 0 and N 
reactions, which may occur a lso for  O2 and N2. 
occurred a t  some temperatures  and not a t  others,  fortunately resulted in 
lower m a s s  loss  r a t e s  than would be predicted by simple addition of loss  
ra tes  for each species. 

Realist ic par t ia l  p re s su res  of 0 
will be obtained by use of Argon o r  Helium diluent. A mixture  o 5 O2 and 

This coupling which 
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Two final points a r e  worth mentioning with respect to R06ner 's  
postulated protective film of si l ica and nitrogen oxides. 
to be a poor catalyst to atom recombination, hence such a film would 
explain the low catalycity of coated R P P  in plasma tes ts .  
film could exist in  liquid fo rm and could, therefore,  be sensitive to aero-  
dynamic shear .  
generate appreciable surface shear s t r e s ses ,  i t  was deemed important 
to explore the possible effects of shear on coating performance. 
discussed in the following section. 

Silica is known 

Also, a si l ica 

Since the stagnation heating tes ts  used in Phase  I do not 

This is 

5.1.2 Wedge Heating 

Stagnation heating plasma a r c  tes t s  used in Phase  I and in  the 
current  effort for  evaluation of coating performance do not subject the 
coating to appreciable aerodynamic shear.  
at  the leading edge for the highly swept delta wing configuration, signifi- 
cant shear  will be developed. 
using the 30° wedge specimen holder shown in F igure  5-8 in order  to 
evaluate the effects of shear.  

Due to the high local velocities 

P la sma  a r c  tes t s  w e r e  therefore performed 

Calculations were  made of aerodynamic shear  for the leading 
edge and for  the wedge heating tes t s  a s  shown in F igures  5-9 to 5-11 in  
order  to determine the degree of simulation achieved in  the tes ts .  Shear 
was calculated f rom heating r a t e  4 ,  local velocity a t  boundary layer edge 
VI, and enthalpy differcnceacmss the boundary layer (ir - &). 
Reynold's analogy, 

Using 

where: Pr = Prandt l  number evaluated at  Eckert ' s  reference 
enthalpy i* and local p re s su re  

i* = il t 0.5  (iw - il) t 0.22 (ir - il) 

i W  = a i r  enthalpy a t  surface temperature  and p res su re  

= recovery enthalpy ir 

il = local enthalpy at  boundary layer edge 

Computed shear  on the leading edge a t  the maximum heating 
locations versus  entry t ime i s  presented in F igure  5-10. 
of 2.33 lb/ft2 occurs a t  1200 seconds. 

The peak value 
Shear distribution around the 
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leading edge a t  1200 seconds is shown in Figure 5-11 and it i s  seen that 
the peak value occurs  a t  the point of maximum heating. 
presents  computed leading edge shear at  the maximum heating location 
versus  surface temperature  throughout entry a s  compared with computed 
shear  for the plasma a r c  tes ts .  It i s  seen that the plasma wedge heating 
tes t s  provided a reasonable simulation of entry $hear,  with a peak value 
in the tes t s  of 2. 1 lb/ft2 compared to 2 .33  lb/ft  
conditions or  wedge angle can be adjusted slightly to m o r e  accurately 
duplicate entry shear .  

F igure  5-9 

in entry. Future  tes t  

Wedge heating m a s s  loss data at low temperatures  in the range 
Results a r e  shown for a of 1700 to 1950OF a r e  presented in F igure  5-12. 

number of S i c  coating systems,  including 10/60/30 material .  None of the 
mater ia l s  evaluated in the wedge tes t s  were  heat treated. Considering a l l  
mater ia l  systems, the data i,s widely scattered, ranging f r o m  weight gain 
to weight loss  of magnitude M/h = 10-3. 
mos t  data fe l l  around M/h = This value of normalized m a s s  loss is 
equivalent to the nominal m a s s  loss  f o r  the heat treated 10/60/30 coating 
sys tem a t  2480°F in  stagnation heating tes ts .  
above the m a s s  lose correlation curve fo r  siliconized R P P  which was 
established at higher temperatures  for  stagnation heating. 

However, for the 10/60/30 system, 

Hence, the data falls  far 

In an  attempt to isolate whether the unexpectedly high m a s s  loss  
r a t e s  in F igure  5-12 w e r e  related to temperature  or  to the wedge heating 
conditions, higher temperature  wedge tes t s  were  performed a s  reflected 
in F igure  5-13. 
stagnation heating data. Unfortunately, no data has yet been obtained for  
the 10/60/30 coating sys tem under these conditions. 
mater ia l s  which w e r e  evaluated a r e  a l l  of the S i c  type. It is seen that 
wedge heating m a s s  loss ra tes  were  an order  of magnitude higher than 
stagnation heating m a s s  loss ra tes  on the same  mater ia l  sys tems a t  the 
s a m e  temperatures .  
be a function of wedge heating per  s e  ra ther  than temperature.  

This data was obtained in the same temperature  range a s  

However, the 

Therefore,  the high m a s s  loss  ra tes  would appear to 

A.s discussed in the section 5. 1.4, coating mission life i s  an 
inverse function of m a s s  loss  ra te ,  hence the high m a s s  loss  ra tes  under 
wedge heating conditions a r e  of definite concern. 
since the tes t s  represent  real is t ic  shear  conditions. 
evaluation will be required before the implication on mission life can be 
a s ses sed  quantitatively. 
determine whether the m a s s  loss  r a t e s  in  the wedge heating tes t s  can be 
definitely related to aerodynamic shear ,  a s  opposed to p re s su re  for example. 
Subcontractor wedge heating plasma a r c  tes ts  a r e  planned in Phase  III, a s  
a r e  fur ther  tes t s  in the VMSC 180 KW plasma a r c  tunnel, possibly with 

This is particularly t rue  
However, fur ther  

Specifically, fur ther  tes t s  will be required to 
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different wedge angles to increase shear.  
plannatl for Phase  I11 to ass i s t  i n  data correlation and interpretation, 
I>aHcrJ u p o n  acrudynamic shear etfecte on the postulatcd silica liquid 
protective layer. 

Analytical effort is also 

5.1.3 P la sma  Arc Evaluation of Heat Treated 10/60/30 Material  

P l a sma  a r c  tes t s  were  performed to evaluate the resis tance of 
the selected, heat treated,  10/60/30 mater ia l  sys tem to oxidation and 
other erosion mechanisms under simulated ear th  a tmospheric  entry condi- 
tions representative of the space shuttle leading edge. A s e r i e s  of 67 tes t s  
were  performed on 15 coated and 6 bare  control specimens in the VMSC 
180 KW plasma a r c  facility’ with a 1.5 inch exit diameter,  Mach 3 nozzle. 
Test  specimens were  nominally 0.75 inch diameter  by 0. 18 inch thick and 
mounted on a stagnation heating specimen holder with a 1.5 inch diameter  
silicon carbide coated graphite shroud. The shroud, together with 0.25 
inch thick graphite felt insulation behind the specimens,  were  included to 
minimize specimen heat losses .  Tes t  conditions are summarized in Table 
5-1. 

TABLE 5-1 

PLASMA A R C  TEST C O N D I T I O N S  

R adiat ion Coated Total  
Cold Wall Stagnation Stagnation Equilibrium Specimen No. of Exposure 
Heat Flux Rate Enthalpy P r e s s u r e  Temperature  Temperature  Exposure T i m e  

OF Cycles Secs. BTU/ft2 BTU/Lb PSIA ( = 0.85) 
OF 

174 9600 0.420 39 10 - 1 90-240 
168 8 760 0.415 3855 3045-3075 2 1200 
162 78 70 0.410 38 10 3 100 2 1200 
136 8390 0.400 3650 29 10-2970 2 -4 3000- 

102 6880 0.390 3350 27 10-2770 5 -6 7200- 

73 7450 0.380 3070 2460-2510 5-10 9000 - 

4800 

10800 

18000 

Stagnation enthalpy was determined by the energy balance method 
and stagnation p res su re  was determined by pr ior  calibration with a p re s su re  
probe. Surface temperature  of each specimen was measured  with an 
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optical pyrometer and corrected for  window absorption and emittance 
effects. 
heat f lux  r a t e  on bare  control specimens since calorimeter operation 
proved unreliable. 

Cold wall heat f l u x  r a t e  was inferred f rom surface reradiation 

It will be noted in Table 5-1 that total exposure times were  quite 
long, a s  much a s  five hours, whereas the la rges t  exposure t imes in  
previous tes ts  of siliconized R P P  were  a b 0 2  0.8 hour. No coated speci- 
men temperature  is given at  the 174 BTU/ft 
burn through was obtained within 90 to 240 seconds, before specimen 
temperature  had stabilized. 

sec heating ra te  since coating 

A comparison of tes t  conditions with design entry conditions 
a t  the maximum heating location is given in F igure  5-14. The variation 
of entry conditions corresponds to the entry t ime period f r o m  350 to 1300 
seconds f r o m  400,000 feet altitude. This i s  the period when the bulk of 
material m a s s  lose will occur. It is seen that oxidation conditions in the 
tes t s  were  m o r e  severe  than those expected during entry. This includes 
surface temperature,  p ressure ,  oxygen diffusion r a t e  ( a s  controlled by 
Q / i  1, and concentration of atomic reactant species ( a s  controlled by 
enthalpy) 

Mass loss  ra tes  f0.r individual specimen exposure cycles a r e  
plotted a s  a function of specimen surface temperature  in F igure  5-k-5. 
These loss  ra tes  were  normalized by sur face  heat t ransfer  coefficient 
to reflect  the oxidizing potential of the a i r  flow, a s  was explained in 
Reference 2. 
the mass loss  ra tes  increased strongly with increasing temperature.  
a lso evident that data sca t te r  is much m o r e  severe  a t  the lower temperatures .  
In ear ly  exposure cycles a t  low temperature,  specimens actually demon- 
s t ra ted weight gains, whereas  in la te r  cycles weight losses  w e r e  experienced. 

As was expected, based on previous shorter  duration testing, 
It is 

The increasing spread of m a s s  loss  data with decreasing tempera-  
tu re  i s  clarified by the data presentation in F igures  5-16 through 5-19. 
Cumulative m a s s  change is plotted a s  a function of cumulative exposure t ime 
f r o m  cycle to cycle. At the lowest heating rate,  73 BTU/ft2 sec, there  is 
an initial weight gain, a s  shown in Figure 5-16, followed by transit ion to 
a steady s ta te  weight loss. represent  
slopes on the m a s s  loss  versus  t ime curves in F igures  5-16 through 5-19. 
At the lower heating rates ,  these slopes continually change with exposure 
time, which explains the wide data sca t te r  in F igure  5-15 a t  low tempera-  
ture. 

The m a s s  loss ra tes  in Figure 5-1 

202 



0 0  

c v c v  
% 5 :  

Esi= 8 

c 
E2 
Q) (D 

Q) W 

8 

F 
F 
0 
0 x 8 

cy 
r- 

t;; 
W 
I- 

t 

q w u 
v) 

I- 

cv 
t & = .Ud Lu 

i z 1 
w 

W a 
3 rn rn w f  
e 2  

ti 
w 
I- 

d 

0 
a 

S h  
I- 

J Z  

I- 
a w  

e 

> 
4 

203 



- 
- 
- 

WT. 
GAIN- 3 J 0 1 , 2  

I I I I I 

FIGURE 5-15 PLASMA ARC TEST MASS LOSS RATE DATA FOR 
0x1 OAT ION I N H I B ITED CAR BO N-CAR BON 

204 



.o 1 
0 1 2 3 4 5 

CUMULATIVE EXPOSURE TIME, HOURS 
FIGURE 5-16 MASS CHANGE VS TIME FINAL EVALUATION DATA 

205 



. I4  - 

.12 

.10 

h( 

rn HEAT FLUX RATE = 102 BTUIFT~ SEC 

3.0 

206 



lo-* - ALLOWABLE'fkh FOR 100 HiGH 
CROSS RANGE MISSIONS /' 
RADIATION AND LOW 

- INCLUDINGCROSS- - 
- CATALYCITY EFFECTS / 

I- z w 
0 
LL 
u. 
w 

00 
a 
w 
LL 
v) z 

I- 
a a 

I t I- 

w 
I 
a 

e 

/- 
/' 

/ 

/ 

/ 

OP 

9' 
0 

I- 
;O R R ELATION C ~ V  E 

4SMA ARC TEST DATA 

- 

SURFACE TEMPERATURE, OF 

FIGURE 5-20 PLASMA ARC TEST MASS LOSS RATES FINAL EVALUATION DATA 

207 



The initial weight gain at  low heating ra te  is presumably due 
to pickup of oxygen in formation of a silica surface f i l m .  
continually removed by sublimation, probably at a fairly constant ra te .  
F i lm  formation r a t e  i s  probably high initially, while the film is  thin, 
but decreases  with t ime a s  the film thickness increases.  Increasing 
film thickness would be expected to slow the ra te  of diffusion of oxygen 
across  the film, hence reducing the ra te  of si l ica formation. Eventually, 
a steady s ta te  condition is reached where f i lm formation and sublimation 
r a t e s  a r e  equal and f i l m  thickness is  constant with time. 

This film is  

If the model of coating oxidation described above is cor rec t ,  
i t  would be expected that steady state film thickness would decrease with 
increasing m a s s  loss  r a t e  at  higher heating rates .  
to establish steady s ta te  m a s s  loss  would decrease.  This is verified by 
the mass loss  versus  t ime curves in Figure 5-17 through 5-19. 
weight gain was detected, which indicates that transition to weight 10s s 
occurred within the t ime period of the f i r s t  heating cycle. 
nearly l inear with t ime a t  these higher heating ra tes ,  although at 102 
BTU/ft2 sec  there  i s  a trend of slightly increasing m a s s  loss  r a t e  with 
time, a s  shown in Figure 5-18, possibly reflecting gradual transit ion to 
steady state. At the highest heating r a t e s  there  i s  a slight reduction in  
m a s s  loss  r a t e  with time, a s  shown in F igure  5-17, which is not understood. 

Hence, the t ime required 

No initial 

Mass loss  is 

An average m a s s  loss  ra te  was determined for each of the curves 

Coating life was assumed to be terminated when one-half of the 
This corresponds to a m a s s  loss  of 0.083 

F o r  each 

The average m a s s  loss  r a t e  was then determined 

in Figures  5-16 through 5-19, for use in predicting coating mission life 
capability. 
initial coating thickness is lost. 
lb/ft2 f o r  the initially 0.02 inch thick, 100 lb/ft3 density coating. 
of the m a s s  loss  versus  t ime curves the point was established a t  which m a s s  
loss  equals 0.083 lb/ft2. 
to be the slope of a straight line f rom the origin to the established point. 
Over the entire useful life of the coating this straight line approximation 
yields the same cumulative m a s s  loss a s  the actual experimental  curve. 
It will be noted in Figures  5-16 through 5-19 that sufficient exposure t ime 
was employed in the higher heating r a t e  tes t s  to obtain a m a s s  loss  in 
excess of 0.083 lb/ft2. 
l inear extrapolation to this m a s s  loss was required due to the very low 
m a s s  loss  rate.  

At the lowest heating rate ,  73 BTU/ft2 sec,  

The resultant, averaged m a s s  loss  r a t e s  a r e  presented in  Figure 
5-20. 
ture  correlates  the data quite well, with a small  data scat ter .  
temperature  end of the data the m a s s  loss  r a t e s  agree  reasonably well with 

It i s  seen that an exponential curve of m a s s  loss  r a t e  versus  tempera-  
At the high 
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previous data for siliconized R P P .  
current  m a s s  loss  ra tes  a r e  considerably higher than previous values. 
This i s  due lo the fact that previous tes t s  were  not of sufficient t ime 
duration to obtain steady s ta te  values. 

At the low temperature  end the 

Since coating mission life capability i s  based upon a maximum 
thickness loss of 0.01 inch, it is necessary  to re la te  the above m a s s  loss  
data to thickness loss.  This relationship is shown in F igure  5-2 1 which 
presents  measured  cumulative thickness loss  for each specimen versus  
measured  cumulative m a s s  loss.  
an  apparent coating density of 100 lb/ft . It is seen that the data is correlated by 

3 

5. 1.4 Mission Life Prediction for  Heat Treated 10/60/30 Material  

Predictions were  made of coating mission life based upon the 
plasma a r c  tes t  data presented in  the previous section and predicted aero-  
dynamic heating f o r  the delta wing orbiter.  
ignoring effects of low surface catalycity and c r o s s  radiation, and 
including these effects. 

Calculations were  made both 

In predictions ignoring low catalycity and c ross  radiation, the 
radiation equilibrium temperatures  a t  the maximum heating location w e r e  
used in conjunction with the m a s s  loss correlation curve in F igure  5-20 
and calculated heat t ransfer  coefficient, h, for  design heating conditions. 
This resulted in  the curve of m a s s  loss  ra te ,  M, versus  entry t ime in 
F igure  5-22. This curve was integrated to obtain the total m a s s  loss  per  
unit a r e a  for  a single mission. The resulting value of 2 . 5 4  x 
was computed to be equivalent to 987 seconds of exposure to the tempera-  
tu re  and heat t ransfer  coefficient at  the t ime of peak heating. 
catalytic effects a r e  included the equivalent exposure t ime reduces to 729 
seconds. 

2 lb/ft 

When 

These resul ts  w e r e  used to predict mission capability a s  a 
function of peak surface temperature,  with the following relation: 

N =  A L  Allowable 

(M’h)Max h t  Max EQ 

where: N = number of missions 

AL Allowable = allowable total surface recession for N missions 

= 0.010 inch = 0.000833 feet  
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MASS LOSS, GRAMS 

FIGURE 5-21 THICKNESS LOSS VS MASS LOSS SILICONIZED RPP 

FIGURE 5-22 M A S  LOSS RATE DURING ENTRY 

2 10 



3 P =  coating density = 100 lb/ft 

(M/WMax = value of M/h  at  t ime of peak reentry heating, 
dimen s ionle s s 

= value of surface heat t ransfer  coefficient a t  t ime 
of peak reentry heating, lb/ft Max 2 

h 
sec 

f o r  Max and hMax 
= equivalent exposure t ime at  (M/h) 

single mission = 987 seconds t~~ 

The allowable total  surface recession of 0.0 10 inch i s  con- 
s idered to be a conservative value which would leave about one-half of 
the initial coating thickness remaining after N missions.  

The resulting curve of N versus  radiation equilibrium tempera-  
tu re  is shown in Figure 5-23. Note that the radiation equilibrium scale  
corresponds to an emittance of 0.80, which is the reference value most  
commonly used in specifying temperature  distributions on the Orbiter. 
Since the coating emittance has been measured  to be about 0.90 o r  grea te r ,  
a s  reported in Section 5.2. 1, actual coating temperature  is 80 to  1 l S 0 F  
lower than the seale  values, even excluding c ross  radiation and low 
catalycity effects. 
equilibrium temperature  corresponding to 6 = 0.80 is 2780OF. The 
predicted high c r o s s  range mission capability a t  this temperature,  
excluding c r o s s  radiation and low catalycity is 47 mission. 
when c r o s s  radiation effects a r e  included this i s  increased to 130 missions.  
With a m x of high and low c r o s s  range missions,  total predicted mission 
life would increase appreciably. 

At the design heating condition, the peak radiation 

However, 

The same procedure was used to predict  mission life including 
low catalycity effects, except that the reduced surface temperature  curve 
f r o m  the catalycity analysis, section 5 .  1. 1, was used. 
the relationship shown in Figure 5-24 between coating temperature  and 
radiation equilibrium temperature.  
low catalycity, c r o s s  radiation and coating emittance of 0.90. The 
resultant mission life prediction in Figure 5-23 indicates 100 mission 
capability a t  a peak radiation equilibrium temperature  of 30700F, which 
corresponds to a surface temperature  of 2535'F on the coated material .  
The plasma a r c  tes t  data points f r o m  Figure  5-2 0 a r e  transposed onto 
the mission life curve in order  to indicate the range of the curve established 
by the data. 

This resulted in 

This relationship includes effects of 
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The mission life predictions a r e  compared in F igure  5-25 with 
the maximum plasma a r c  tes t  exposure durations. 
were  exposed for equivalent numbers of mission cycles well in excess  of 
the predicted curve at the higher temperatures.  

It i s  seen that specimens 

The mission life prediction8 were  ueed to establish an acceptable 
plasma a r c  performance for coated R P P .  
defined a s  an M/h versus  temperature  curve which resul ts  in 100 mission 
capability for the design heating trajectory,  when cross  radiation and low 
catalycity effects a r e  considered. 
where i t  is compared with m a s s  loss ra tes  f o r  the heat treated 10/60/30 
coating system. It is seen that margin exists to offset potential per for -  
mance reductions, such a s  those due to aerodynamic shear.  

Acceptable performance was 

This curve is shown in Figure 5-20, 

5 .2  PHYSICAL/MECHANICAL PROPERTIES 

5.2.1 Physical  Propert ies  

Emittance,  specific heat and thermal  conductivity of the 10 /60/30 
coated R P P  sys tem were  measured by Southern Research  Institute. 
data obtained a r e  presented and compared to values used in thermal  analyses, 
and the relation of each property to design is discussed. 
of differences between the data and values used in analysis a r e  discussed 
in section 3.4. 

The 

The implications 

Since the bulk of incident heating is reradiated to space, surface 

Three  specimens 
emittance determines the temperature  reached by the R P P  skin a t  a given 
heating rate,  and i t  is therefore of p r imary  importance. 
were  included in the emittance measurements  which covered the tempera-  
tu re  range f r o m  500 to 3150'F. Total normal  emittance was measured  by 
comparing the energy received by a radiometer  f r o m  the sample to that 
of a black body cavity maintained a t  the same temperature.  
F igure  5-26 show that emittance increases  with increasing temperature  
f r o m  0.85 at  500°F to 0.94 a t  2000°F and then decreases  to 0.90 at  3000'F. 
The uncertainty l imits shown correspond to accuracy of temperature  
measurements .  
value of 0.85 used in  thermal  analyses, and will therefore significantly 
reduce peak surface temperatures.  

Results in 

These measured  values a r e  significantly higher than the 

Specific heat affects the transient temperature  response of the 
R P P  s t ructure  and is of secondary importance. A high value increases  
temperature  gradients ac ross  r ibs  and support lugs, which is beneficial 
f r o m  the standpoint of minimizing attachment bolt temperatures;  however, 
i t  also tends to increase thermal  s t r e s ses .  Nine specimens were  included 
in the specific heat measurements ,  which employed an adiabatic calor imeter  
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for  the temperature  range f r o m  -150°F to 1000°F and an ice calor imeter  
for  1000°F to 3000°F. 
increases  with increasing temperature  f rom 0. 12 BTU/lb°F a t  -150°F to 
0.43 at  3000°F. 
used in thermal  analyses. 
and ice ca lor imeters  a r e  - t 370 and - t 570, respectively. 

Resul ts  in Figure 5-27 show that specific heat 

These measured  values a r e  in good agreement with values 
The overal l  uncertainties of the adiabatic 

The rma l  conductivity was measured in both the ' 'parallel to 
lamina' '  and "normal to lamina" directions. 
to lamina" direction affects transient tempera ture  response of r ibs  and 
support lugs. A low value is desired in o rde r  to minimize tempera ture  
r i s e  of attachment bolts. A high conductivity is des i red  in the "normal 
to lamina" direction in o rde r  to enhance heat conduction ac ross  the skin, 
which will  in turn enhance beneficial c r o s s  radiation effects. Measure- 
ments  were  made with a comparative rod apparatus for  the tempera ture  
range f r o m  -250°F to 1800°F and with a radial  inflow apparatus for  1500°F 
to 3000OF. 
rod and 2 1270 for  the rad ia l  inflow apparatus. 

Conductivity in the "parallel  

Uncertainty of the measurements  is f: 57'0 for  the comparative 

Six specimens were  included in the ' 'parallel to lamina" measu re -  
ments,  with the resu l t s  shown in F igu re  5-28. Conductivity increases  with 
increasing tempera ture  f r o m  40 BTU- in /h r  ftZ0F at -250OF to 115 at 
3000'F. It will  be noted that one of the specimens had a slightly higher 
density than the others ,  which resulted in  a significantly higher conduc- 
tivity. It will  a l so  be noted that at 1500'F the measurements  madewith 
the two different devices a r e  in substantial agreement.  
values are about 4070 below the value used in thermal  analyses,  which will  
reduce attachment bolt temperatures  somewhat. 

The measured  

Seven specimens w e r e  included in the "normal to  lamina" 
measurements ,  with the resu l t s  shown in F igure  5-29. F o r  the lower 
tempera ture  measurements ,  six discs  were  stacked together in o rde r  to 
obtain a grea ter  and therefore  m o r e  measureable  tempera ture  difference 
a c r o s s  the specimen than would be possible with a single 16 ply thickness. 
Thin Grafoil was used between d iscs  to minimize interface resis tance.  
Conductivity increases  with increasing temperature  f r o m  a value of 
16 BTU-in/hr  ft20F 
It will  be noted that measurements  with the comparative rod  and the rad ia l  
inflow apparatus were  overlapping inthe 1500°F to 1800OF range, and that 
agreement  between the two devices was good. The measured  values a r e  
about 36% below the value used in thermal  analyses, which very  slightly 
degrades crossradiat ion effects. 

at  -250°F to 51 at  1500°F, and drops to 44 at 3000'F. 
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5.2 .2  Mechanical Proper  t ies 

Mechanical property data were  obtained over a wide temperature  
range and broad spectrum of properties.  
mater ia ls  performance throughout the temperature  region of application 
and to f e r r e t  out a r eas  that might prove troublesome to successful p e r -  
formance of the mater ia l  system. 
coated material ,  since this is the condition in which the mater ia l  will  
be employed and is also the lowest strength condition. Specimens w e r e  
obtained f r o m  13 ply paral le l  laminates, since fabrication of specimens 
f r o m  thinner, 9 ply, laminates resulted in warped and unuseable coupons. 
Elevated temperature  static tes t s  were  conducted in an inert  a tmosphere 
to  satisfy limitations imposed by graphite elements of the tes t  facility. 
-41~0, testing under oxidation conditions would be meaningless unless 
miasion life conditions were  simulated. 
discussed in section 5,2.4. 

This permitted evaluation of 

Al l  data reported was obtained on 

This was done in separate  t e s t s  
Testing was conducted by the following agencies: 

Southern Research  Institute (SRI) 

Static strength a t  cryogenic, room, and elevated tempera-  
tu res  in  tension, flexure, compression, interlaminar 
shear  (compression-shear) and interlaminar tension. 

Vought Aeronautics Company (VAG) 

Fatigue testing in tension, f lexure,  inplane shear ,  inter  - 
laminar  (short  beam) shear,  and interlaminar tension. 

Vought Missiles and Space Company (VMSC) 

Static room temperature  strength in flexure, bearing, 
interlaminar (short  beam) shear  and inplane shear .  

SRI employed tensile and compression tes t  machines equipped 
with a i r  bearings on the load grips to minimize misalignment and unwanted 
bending s t r e s s e s  in axially loaded specimens. 
tube was employed for  elevated temperature  tes ts ,  where optical s t r a in  
targets  were  also used. 
extensometer.  Fatigue testing at  VAG was conducted on Baldwin-Lima- 
Hamilton Sonntag tes t  machines where the cyclic load, a s  opposed to 
deflection, is controlled by a rotating weight. 
on a Tinius Olsen tensile tes t  machine. 
a deflectometer with differential t ransformer  sensor .  
figurations for these tes t s  a r e  given in Appendix B. 

A graphite res i s tance  hea ter  

At cryogenic temperature,strain was measured  by 

VMSC tes t s  w e r e  conducted 
Deflections were  recorded using 

Specimen can- 



Strength levels obtained a r e  highly encouraging and decidedly 
better than for mater ia l  tested in Phase  I. 
mater ia l  no low strength regions w e r e  noted. Fatigue in  particular is 
outstanding, where applied s t r e s s  levels exceeding anticipated limit load 
s t r e s s  levels withstood beyond 10 

In contrast  to Phase  I 

6 cycles. 

Static Strength - Static strength data for a number of properties 
is plotted on F i g u r e  5-30 for test  temperatures  f rom -250°F to 3000'F. 
A few of the data points a t  3000°F, identified with arrows,  represent  tes t s  
where either the tes t  f ixture failed o r  the specimen bottomed out on the 
fixture, but the specimen did not fail. The general  trend of a l l  properties,  
except compression in the f i l l  direction, is to increase in strength a t  
elevated temperature.  The data obtained a t  -250°F also exceeds room 
temperature  values so that room temperature  strength is generally the 
lowest achieved. The curves through the tes t  data a r e  "eye balledtt  a s  
opposed to being mathematically derived. The limited data a t  a given 
tes t  condition (3  data points) does not justify a more  sophisticated 
approach a t  this time. 

As noted, only compression strength in the f i l l  direction shows 
a reduction a t  1500°F compared with that a t  room temperature.  
reasons for  this a r e  not c lear ,  but the preponderance of data on the other 
properties would suggest that in fact a reduction in strength may not exist 
and the difference obtained could be either the resul t  of variations in 
specimens,  specimen warp, o r  the tes t  technique. 

The 

In general  the scat ter  of data i s  not severe,  especially at room 
temperature,  where the leading edge design is cr i t ical .  No data points fa l l  
outside of the range determined by a 33% reduction of typical values as 
was used in the prototype leading edge design evaluation discussed in 
Section 3.3. 

F r o m  the tes t  data and curves the following typical room 
temperature  values (Table 5-2) a r e  obtained. 
the average of the room temperature  tes t  data but ra ther  the values 
obtained f r o m  each curve fit. 
side. 
be designed. 

These a r e  not necessar i ly  

In some cases  they a r e  biased to the low 
Al l  values a r e  satisfactorily high so that lightweight s t ructure  may 

The difference between the two interlaminar shear values is that 
the compression-shear approach loads a smaller  a r ea  (see Appendix f o r  
specimen configuration) and can develop teneile s t r e s s  components. 
short  beam shear  value re l ies  on the assumption of a vQ beam shear  'IT s t r e s s  distribution ac ross  the thickness. However, for the leading edge the 
lower of the two values may be employed without res t r ic t ion to design. 

The 
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TABLE 5-2. TYPICAL ROOM TEMPERATURE STRENGTH VALUES 
13-PLY SILICONIZED R P P  

ULTIMATE STRESS, PSI 

F ILL PROPERTY W A R P  

T ens ion 8500 4500 

Compression 11500 11900 

F lexur e 14200 12200 

Inplane Shear 

Bearing 

3800 

13500 

3900 

13800 

Interlaminar Shear  (Short Beam) 3 100 

Interlaminar Shear (Compression- 
Shear) 2200 

Inter laminar  Tens ion 40 0 

Bearing, compression, and flexure s t r e s s e s  a r e  high a s  
anticipated. 
the f i l l  s trength i s  lower than expected, possibly due to the slight bow in 
these particular specimens. Inplane shear s t r e s s  is substantilly higher 
than ea r l i e r  predictions that were  based on interlaminar shear  strength. 
Thus, it  appears that the cloth fibers a r e  indeed contributing significantly 
to the shear  strength of the laminate. 

Tensile strength in  the warp  direction is satisfzctory but 

Elast ic  modulus data obtained from these tests are plotted in 
Figure 5-31. 
increasing temperature  up to about 2500°F, where the curves break  over 
and the elastic modulus reduces. It should be noted that the mater ia l  has 
been exposed to temperatures  of 3100OF to 3400°F during processing so 
the reason f o r  a reduced modulus above 2500°F i s  not c lear .  However, 
i t  has been observed that uncoated R P P  shows like behavior in tension 
and flexure. A rather  large data scat ter  is observed a t  -250 F where 
an extensometer ra ther  than optical targets  for s t ra in  measurement  w e r e  
used. This i s  believed to be the cause of the scat ter ,  because VMSC has 
a l so  had unbelievable s t ra in  data f r o m  extensometers  used on R P P .  
Slippage may be the problem. 

These show a general  trend toward increasing modulus with 

0 

The f i l l  direction compression modulus shows an increase  with 
temperature  even though the strength, a s  noted previously, decreases .  
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Tension modulus in the f i l l  direction shows no tendency toward increasing 
with temperature,  but this i s  not expected to be particularly significant 
for design. 

Strain to failure i s  of interest  to the designer and values have 

The minimum values 

At 

been obtained for  tension and compression loads in both the warp  and 
f i l l  directions. 
a r e  indicated by the curves drawn through the lower boundaries of the 
data. 
cryogenic temperature  only the tension warp values were  obtained but 
these have a large scat ter ,  varying f rom 0.220J0 to 1.5770. 
with the comments noted above on elastic modulus measurements  a t  
-25O0F. 

These a r e  plotted in Figure 5-32. 

At room temperature  and above the minimum value is  0.35%. 

This t ies in 

Poisson's ratio of 0. 19 was determined by SRI on a coated 
tension bar  loaded in the warp  direction at  70°F. 
of 0.23 and 0.20 were  measured  on bare  mater ia l  a t  70°F and 25OO0F, 
respectively. 

By comparison values 

This is a reasonably acceptable value. 

Typical s t r e s s  -s t ra in  and load deflection curves for  tension, 
compression and flexure a r e  shown in Figures  5-33 through 5-35, 
respectively, for  70°F and 2500'F. 
observed to precede substrate failure, although for  the high s t ra in  
indicated for  tension at  2500°F i t  may be possible to generate coating 
c racks  before overall  failure. This i s  ra ther  academic, however, since 
in pract ice  the maximum design limit s t r e s s  would not exceed half of 
the failing s t r e s s e s  shown, because of factors applied to mater ia l  pro-  
per t ies  and design loads. 

Coating failure has not been 

Coefficient of thermal  expansion (CTE) f o r  siliconized R P P  
is relatively low and partly accounts for  the low sensitivity to thermal 
gradients. F o r  example, in the warp  direction the CTE is only 1.7 x 
10-6 in/in/'F. The difference between warp  and f i l l  expansion i s  only 
slight. Typical data is given in Figure 5-36 for both the warp  and f i l l  
directions f o r  13 ply material .  
comparison. Indications are that coated mater ia l  expands m o r e  in the 
warp  direction than bare,  but is l i t t le different in the f i l l  direction. 
sca t te r  i s  indicated by the difference between original and re tes t  data. 

Data f o r  uncoated R P P  is shown for 

Data 

Fatigue Strength - Fatigue data was obtained for  tension, 
flexure, inplane shear ,  interlaminar shear  and interlaminar tension. 
Warp and f i l l  direction loadings were  assessed.  These tes ts  were  
exploratory in an attempt to determine the significance of repeated 
cycling on coated R P P .  
levels can be applied, while s t i l l  achieving over lo6 load applications. 

Results were  encouraging in that high s t r e s s  
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Data is  presented in Figures  5-37, 5-38, and 5-39. Several  i tems a r e  
particularly worthy of note. F i r s t ,  the transition between ear ly  failure 
and continuous operation i s  ver  
the life limit to reduce f rom 10 
few of the high s t ressed  flexure bars  produced definite coating cracks 
(hidden under the load application points), which was classed a s  failure,  
but continued to c a r r y  the cyclic loads without evidence of general  failure. 
Finally, interlaminar tension, which i s  probably the most  severe  loading 
that can be imposed on R P P ,  showed a resistance to fatigue failure ( > 10 
cycles) at  s t r e s s  levels up to 80510 of the typical static failure s t r e s s  of 
400 psi. 

A 5510 increase in load can cause x abrupt* cycles to l e s s  than l o 3  cycles. Also, a 

6 

On each of the figures a >  symbol indicates the maximum 
limit  load s t r e s s  level that would be expected in any design. This value, 
48510, is established assuming a 33% reduction of typical property data to 
produce design values and an ultimate factor of safety of 1.4. Note that 
the "endurance" limit lines a r e  f a r  in excess of the design limit s t r e s s  
level. 
theoretically be applied on the order  of only 100 t imes in i t s  service life 
and that applied s t r e s s e s  with high numbers of cycles will be perhaps no 
grea te r  than 25% (based on vibration analysis es t imates)  of typical failure 
s t r e s s  then fatigue does not appear to be a problem with coated R P P .  

When it is considered that for  the Shuttle, limit s t r e s s  would 

Tension and shear  fatigue data a r e  shown on Figure  5-37. 

One tension specimen loaded in the f i l l  direction failed after 
Applied cycles of up to 8.2 x lo6  at  70510 s t r e s s  level were  applied without 
failure. 
103,000 cycles a t  70% load, but none of the warp  specimens failed a t  this 
level. If failure did not occur ear l ie r ,  testing was terminated at  the most  
convenient t ime above 10 6 cycles but some specimens w e r e  tested a s  high 
a s  8 x 106 cycles. 

No observable specimen o r  coating damage was noticed on the 
terminated specimens. 
levels of 75510 and 84510. 
particular tes ts ,  and the r a t e  of application (1800 cycles/min.) ,  precluded 
an accurate assessment  of the number of cycles applied. 
that failure occurred at  some point l e s s  than 1000 cycles. 
number of specimens tested the transition curve between 1 cycle (s ta t ic  
failure) and the "endurance" limit cannot be established. Therefore  the 
dashed line shown on the figures mere ly  indicates that some unknown 
transition curve exists. 

Four  specimens failed ear ly  in the tes t  at  load 
The low number of cycles involved in these 

It i s  estimated 
With the limited 

Three  inplane shear  specimens were  tested, but on the f i r s t  of 
these,  the loading jig failed, destroying the specimen. The r e m  ining 
two were  cycled at  a 70510 s t r e s s  level for  2.0 x 10 
before termination without failure o r  observable coating damage. 

6 t and 2.3 x 10 cycles 
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All of the fatigue testing except some flexure tes ts  were  
' conducted at  load conditions that var ied f rom essentially zero  s t r e s s  to 

the maximum level. This condition producea a load ratio R (minimum 
s t r e s s  + maximum s t r e s s )  = 0. Completely reversed  s t r e s s  (R = -l)* 
where the maximum compression s t r e s s  equals the maximum tensile 
stress, is  the most severe  loading condition. Flexure fatigue response 

direction s t r e s s  loading was found to be m o r e  severe  than for the warp 
6 direction. Still,  the f i l l  flexure ba r s  withstood in excess of 10 cycles 

under reversed  loading at  a s t r e s s  level of 7070 of static failure. This 
is substantially above the expected operating s t r e s s  level for real is t ic  
design. Flexure ba r s  cut in the warp direction withstood even higher 
stresses (8570 of s ta t ic)  without failure. When the severity of testing 
was reduced to a stress ratio of R = 0, the level below which no fai lures  
occurred was ra i sed  to 90% of static failure. 

~ 
to this condition is exceptionally good a s  noted on Figure 5-38. Fill 

With the high values being obtained on R P P ,  interlaminar shear  
s t r e s s  is not significant for  leading edge design. 
F igure  5-39, a lso indicates that interlaminar shear fatigue is no problem. 
No failures were  obtained at  s t r e s s  levels up to 90% of static failure. 
These tes t s  were  conducted using the short  beam shear  specimen (Appendix 
B), the same as that used for  VMSC static tests. 

Fatigue data, shown in 

Interlaminar tension s t r e s s  by contrast  to interlaminar shear  is 
an a r e a  for  concern, because bending moments in co rne r s  (e. g. , the 
intersection of the curved skin panel and support r ibs )  can produce relatively 
high interlaminar tensile s t r e s ses .  Interlaminar tensile s t r e s s  is the lowest 
strength direction of the laminate. It is therefore highly encouraging to find 
that the fatigue strength in  this weak direction is so outstanding. No failures 
were  incurred a t  s t r e s s  levels of 80% of static failure when exposed to 2.4 
x 10 and 2 . 6  x 10 cycles. When loaded to 8570 and 900Jofailure occurred 
within approximately 10 cycles, the exact number being indeterminable. 
However, considering that a limit s t r e s s  level not exceeding 4870 of static 
failure is predicted, this cr i t ical  loading condition appears  to be safe f r o m  
fatigue. 
produce sound material .  The recognition of the need for  sound corner  
ma te r i a l  has  prompted a tooling approach employing cast  silicone rubber 
molds that will better ensure quality corners  ( reference discussion in 
Sections 7. 1 .2  and 7 . 2 .  1.) 

6 6 

This presupposes that corner  mater ia l  is adequately molded to 

It is logical to question the significance of fatigue loading on the 
static ultimate strength of the material .  
tha t  had been fatigue loaded in  excess of 1.7 x 10 6 cycles, were  statically 

tested to failure to ascer ta in  the magnitude of strength reduction, if any, 
af ter  pr ior  cyclic loading. Of the seven 
specimens tested only one showed a strength reduction f r o m  typical values 

Several  selected specimens, 

The resul ts  were  phenomenal. 



and this 4.5% change could well  have been within no rma l  data scat ter .  
Al l  other failing s t r e s ses  exceeded typical values obtained a s  par t  of 
the static tes t  p rogram discussed previously. 
in Table 5-3. 

Results a r e  summarized 

TABLE 5-3. STATIC STRENGTH FOLLOWING FATIGUE CYCLING 

Lo a ding 

F lexure  

F lexur e 

F lexure  

F lexure  

Inplane 
Shear  

In te r lam 
Tens.  

Inter lam 
Tens.  

Nominal 
S t r e s s  S t r e s s  

Specimen Ratio, Level, 
R PSI -- No. 

F -8 -1 5710 

F -9 -1 5710 

F -4 -1 5710 

F-19 -1 8570 

S -8 0 2720 

TL-/ 1 0 280 

TL- /2  0 280 

Cycles 
Applied 

6 2.43 x 10 

2.50 x lo6  
6 2.49 x 10 

3.32 x lo6 

2.33 x 10 6 

6 1.74 x 10 

6 2.45 x 10 

Static 
Fail ing 
S t r e s s  

PSI 

19000 

20700 

19600 

19800 

3630 

702 

725 

Typical 
Data Ref. 
Table 

PSI 

14200 

14200 

14200 

14200 

5-2, 

3800 

400 

40 0 

The indications a r e  that fatigue cycling will  not mater ia l ly  
weaken the coated laminate, so that strength reductions for the 100 mission 
serv ice  life of the sys tem f rom the fatigue factor will  be minimal  if a t  all. 

5.2.3 Joints 

The only p r imary  s t ruc tura l  joint on the cur ren t  leading edge 
design is the support lugs. 
a l so  employed to attach trail ing edge seal s t r ips  to  the leading edge segments.  
F o r  guidance in the design and analysis of these attachment techniques, 
typical joints were  fabricated and s t ructural ly  tested. In addition, although 
the concept is not specifically employed on the leading edge design, tension- 
angle tes t s  were  conducted to provide design flexibility to the designer. 
Tension-angle data may find application to forward fuselage panels o r  fin 
leading edge designs. Resul ts  of these element tes ts  a r e  summarized in 
this section. 
r iveted joints is covered in Sections 4.2, 7. 1.2, and 7.2. 1. 

However, secondary bonding and riveting are 

A discussion of the approach to fabrication of bonded and 
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Lug Tes ts  - Lug tes t s  were  directed toward the leading edge 
design concept, where a 0.75 in. dia. lug hole is employed and the layup 
is c r o s s  plied. Bearing s t r e s s  data on a smal le r  diameter hole (3 /16  in. 
dia.) is reported in Section 5.2.2. 

Cross ply Laminates were  employed to produce m o r e  uniform 
strength independent of load direction. 
were  cut were  13 ply in an effort to better cor re la te  lug test  resu l t s  with 
the tension,shear, and bearing element tes t  data which was also obtained 
fo r  13 ply laminates. 
specimens was about twice the desired thickness and the resu l t s  cannot 
be cor re la ted  directly without assumptions on the effect of coating on 
strength 10s s. 

Laminates f rom which the lugs 

Unfortunately, the coating depth on the lug 

The tes t  data obtained and the specimen configuration a r e  
recorded  in  Table 5-4. 
in.) the failing strengths for this 13 ply mater ia l  a r e  f a r  in excess  of the 
maximum ultimate lug load of 266 lb. fo r  the Prototype leading edge, 
which is applied to 17 ply material. 

Even with the deep coating (approximately 0.04 

TABLE 5-4. SUMMARY OF LUG TESTS 
13-CROSS PLY LAMINATES 

Load Direction 

Axial 

Axial 

T ransve r se  

Transve r se  

4 5 O  

45O 

1 3  Ply Laminate 
Thickness (In. ) Failing Load (Lb.)  

0.167 

0.174 

48 5 

550 

0.158 603 

0.157 558 

0.154 520 

0.155 49 2 

1.12- /0.75 DIA. PIN 

4 
AXIAL 

PLY 0 R I EN TAT1 0 N 

/ t TRANSVERSE 
450 
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Flexure specimens coated with these lugs produced an average 
strength of 11550 psi, a 19% reduction when compared against 14200 psi  
f rom the S R I  tes t s  (Table 5-2). 
data and the c ros s  ply tension strength i s  an average of warp and f i l l  
directions, values of Kt  = 0.4 for  axially loaded, and Kt  = 0.9  for  t rans-  
ve r se  loaded lugs a r e  computed, where Kt  is defined a s  follows: 

Assuming this ratio holds for  tension 

Failing Load 
Axial Kt  = Ultimate Tensile S t r e s s  x Net  Tension Area 

Fail ing Load 
Transverse  Kt  = Ultimate Tensile S t ress  x Average Tension/Shear Area 

It appears  that the coated R P P  behaves about the same  a s  sand 
castings in t e r m s  of s t ra in  concentration effects. 

0 Typical lug fai lures  for  the axial, 45 and t ransverse  cases  a r e  
shown in F igure  5-40. 
but did not completely separate  a s  the axially and 45O loaded lugs did. 

Note that the t ransverse  loaded specimens failed 

Tension-Angle Tes ts  - Tension angle tes t s  were  conducted with 
paral le l  and c r o s s  ply 17 ply angle specimens with both rectangular washers  
and washers  fi t ted into the corner  radius of the angle. 
1 /4"  dia. and 1.0 in. wide steel washers  w e r e  used in the tests. 
opposing angle was 0 . 2 5  in. thick steel to ensure stiffness. 
angle specimens were  1. 5 in. long. 
specimens deflected considerably in the spanwise direction, which tended 
to peak the loads at  the bolt location. The effective width of the specimen 
is probably closer  to 1.0 inch ra ther  than the 1.5 in. tested. 

Tension bolt of 
The 

The R P P  
During tes t  i t  was noted that the 

A summary  of the tes t  data is given in Table 5 - 5  while photos 
of the angles after test showing the m o d e  of failure are given in F igures  
5-41 and 5-42. 

TABLE 5 - 5 .  TENSION ANGLE TEST DATA 

Direction 
of Plies 

P a r  a l le l  
P a r  allel 
Cross  
Cross  
Cross  
Cross  

Distance, 
Washer Edge of Washer 
Thickness Type To F a c e  of Angle 
(In. 1 Washer (In. 1 

0.06 Rectangular 0 .12  
0.06 Rectangular 0 . 1 2  
0.06 Rectangular 0.12 
0.06 Rectangular 0.12 
0 . 1 2  Fit ted 0 
0.12 Fitted 0 

Failing 
Load 
(Lb. ) 

448 
49 9 
48 7 
42 3 
5 14 
638 
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FIGURE 5-40 
FAILED LUG 
SPECIMENS 

FIGURE 5-41 
FAILED TENSION 
ANGLES -TESTED 

WITH WASHER 
FITTED TO RADIUS 
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The difference between para l le l  and c r o s s  ply laminated 
angles is not significant as indicated in Table 5 - 5 .  
thicker and fitted washer  is c lear  f r o m  an  examination of the data, where 
the average failing strength i s  26% higher than for  the c r o s s  specimens 
using the thinner rectangular washer.  

The advantage of a 

This is expected. 

F ailur e of the tension angle specimens with rectangular 
washer typically originated at  the inside radius of the angle, propagated 
to the outside radius and ultimately cracked a c r o s s  the bolthole on a line 
normal  to the angle radius. Fa i lu re  a t  the inner radius  is prompted by 
the opening of the corner  angle a s  the specimen deflects under load. 
With the fitted washer  fa i lure  occurred  in the radius  a s  with the others  
and also failed through the bolt hole, but para l le l  to the mold line. 

Bonding Tes t s  - Bonded joints a r e  discussed in Section 4 . 2 ,  
where i t  was noted that bonding in either the as-molded state or  after 
initial pyrolysis a r e  feasible techniques. 
panel fabrication, VMSC employed the as -molded bonding approach. 
These data a r e  reproduced in this section s o  that typical property data 
for  design application can be located in one section. 

F o r  leading edge and wing tip 

Data obtained on bonded specimens are summarized in Table 
5-6. 
p repreg  fabr ic  as a s c r i m  cloth with additional R-120 r e s in  applied, 
recur red ,  and then pyrolyzed and strengthened by the reimpregnation- 
r epyr oly sis approach. 

These specimens w e r e  molded and cured, bonded using WCA 

Bond tension strength was  obtained with 1.60 in. dia. discs;  
shear  s t rength was determined with 1.. 0 in. wide single lap 13  ply 
laminates,  having a 0 . 5  in. width bond; tension angle data employed 
9-ply back to back angles bonded to a 13 ply base plate; and tension 
peel  tests w e r e  made with 9 ply back to back bonded angles. 
configurations a r e  i l lustrated in Table 4-4. 

Specimen 

Flatwise tension strengths a r e  quite high and a r e  in the range 
of inter laminar  tensile strength values of the laminates.  Single lap shear  
strength is relatively low because considerable rotation of the joints 
occurred,  inducing tensile s t r e s s e s  that lower the average failing s t r e s s .  
With the impress ive  tensi le  s t rength performance there  is reason to believe 
that double lap shea r  s t r e s s  values in the 2000  ps i  range a r e  probable. 

Back-to-back tension angle strength is naturally considerably 
lower than flatwise tension because of the eccentr ic i t ies  and induced peeling 
loads. Average values a r e  therefore  only 1 /4  of the flatwise tension values. 
The significance of peeling s t r e s s e s  is noted by the low peeling loads obtained 
in the tes ts .  This indicates that this type of design is to be avoided. However, 
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Type Test  

F latwis e Tension 

TABLE 5-6. BONDED JOINT STRENGTH 

P 
A 

Average ( - )  

Single Lap Shear 

Tension Angle 
Back-to -Back 

Tension Pee l  

Avg. Failing 
Load fLb.) 

Failing S t r e s s  
I PSI) 

844 
996 
988 

381 
386 
420 

206 
2 44 
208 

36 
24 
20 

42 2 
498 
494 

7 62 
773 
8 40 

103 
122 
104 

36 
24 
20 

when using back-to-back angles, a viable approach should be possible i f  
c a r e  is taken to minimize peeling tendencies. 
the legs of angles, using thicker laminates to reduce deflections, and 
scarfing the thickness a t  the bond line to obtain flexibility at  the edge of 
the bond. This should reduce s t r e s s  concentration and peel. 

This may involve tapering 

A redundancy feature  that can be employed is the introduction 
These se rve  two functions: first, of R P P  r ivets  with the bonded joints. 

they act  as tools to clamp the bonded surfaces during fabrication, and 
second, they service as peel stoppers in the event peel is initiated. 
Rivets were  used in this capacity on the Prototype leading edges. Typical 
strength data on rivets is given below. 

Rivet Tes ts  - The method of fabrication of R P P  rivets i s  
Typical data obtained f rom rivet tes t s  are  covered in Section 4.2. 

included herein pr imari ly  to i l lustrate the potential of r ivets.  
and tension tes ts  were performed. 
mater ia ls  were  used. Results a r e  shown in Table 5-7. 

Both shear  
WCA cloth and various continuous f iber  

The single lap shear  strength was accompanied by tensile s t r e s s  
components because of joint rotation. 
p s i  range i s  noted to be possible while tensile s t r e s ses  over 1000 psi  

Double lap shear  s t r e s s  in the 2000 
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TABLE 5-7. TYPICAL R P P  RIVETED JOINT STRENGTHS 

Configuration - 
1 / 4 "  DIA RIVET 
18 PLY STOCK 

1 
I 
d 

3/8" DIA. RIVET 
13 PLY STOCK 

3 / 8 "  Dia Rivet 
13 P l y  Stock 

3/8" DIA. RIVET 
13 PLY STOCK 

Failing Shear o r  
Rivet Tensile S t r e s s  Failing Load 
Material  (PSI) (Lb. 1 

WCA 1153 
Cloth 1429 

Hercules 
HTS 

Hercules 
HMS 

Hercules 
HTS 

HTS 

Hercules 
AS 

Hercules 
HMS 

2045 

1045 

627 

1125 

1155 

1580 

226 
280 

450 

230 

69 

124 

127 

174 

3 /8 ' I  Dia Rivet 
13 P ly  Stock 

appear  feasible. While these values a r e  not spectacular, they represent  
init ial  fabrication t r ia l s  and a r e  sufficiently high to function in conjunction 
with bonded joints in the redundancy capacity noted above. With modest 
development it i s  believed that shear  s t r e s ses  in the 3000 psi  range a r e  
practical. 
this time. 

Predictions on tensile s t r e s s  projections cannot be made at  
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5.2.4 Thermal/Oxidation Cycling 

In Phase I and in Phase I1 development tes ts  in a preheated a i r  
furnace was used for cycling specimens through the room temperature  to 
2300 - 2500 F temperature range to obtain a "feel" for thermal/oxidation 
resistance.  This tes t ,  which generally consisted of five thermal  cycles, 
each composed of 10 minutes in the hot furnace and 10 minutes outside while 
cooling, is a t  best qualitative. 
between the furnace tes t  and the effects of the flight environment for  100 
missions without having tested specimensto a simulated environment for  the 
required cycles. 
of current  coating performance to past performance. On the basis of 
oxygen availability alone i t  can be estimated that the five cycle tes t  represents  
upwards of 200 missions,  and based on plasma tes t  weight loss could 
represent  even more  (reference Section 4.3.2). 

0 

There  is no way to obtain a direct  relation 

The furnace test  i s  employed mainly a s  a comparitor 

In order  to establish a more  quantitative test  a radiant lamp 
facility was constructed that would operate a t  reduced oxygen p res su res  by 
controlling the nitrogen-oxidation balance to those typical of entry, and 
permit  the application of 100 cycles of a thermal/oxidation environment. 
The schematic of this facility is given in  F igure  5-43. 

Specimen temperatures  were  controlled automatically to follow 
an  entry profile using thermocouples mounted in  dummy coated RPP speci- 
mens,and'a -drum programmer  which controls the heat lamp power supply. 
Temperatures  u p  to 2850°F were  obtained. 

A closed cycle gas flow sys tem was used for economy of 
operation, and oxygen concentration was controlled to simulate entry oxygen 
par t ia l  p ressure .  An oxygen analyzer measured 0 par t ia l  p ressure ,  which 
was controlled manually by adjusting flow ra t e  of 0% makeup gas. The 02 
makeup replenishes oxygen consumed by the tes t  specimens a s  well a s  
oxygen which leaks out of the flow system. 
provided. 
over the specimen surface. Higher velocities to 45 f t / sec  were  possible 
but small  specimens cannot be retained in place a t  the higher velocities. 
Calculations of oxygen consumption ra te  indicated that the 14 f t / s ec  velocity 
would prevent excessive reduction of oxygen concentration at  the specimen 
surface due either to streamwise concentration gradients o r  to gradients 
ac ross  the boundary layer.  
tolerated. 
specimens only the central  portion of the test  section was utilized, and a 
boundary layer development section was provided upstream of the tes t  
section. 
gas in the test  section. 

Nitrogen makeup gas was also 
A blower was used to circulate the gas a t  a velocity of 14 f t / s ec  

In fact, velocities a s  low a s  5 f t / s ec  could be 
In order  to a s su re  uniformity of flow and heating over the 

A heat exchanger was employed to remove heat t ransferred to the 
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Two 10.5 x 10.5 in. windows of high sil ica glass were  
positioned between the heat lamps and the tes t  section to seal  out lamp 
cooling a i r .  The tes t  section was lined with alumina insulating bricks 
to minimize heat losses  and a siliconized graphite ba r r i e r  was placed 
between specimens and the brick to prevent chemical reaction with the 
specimen coating. 

The t ime/ temperature  profile employed in the test  was for 
Specimens were  brought to the maximum 

The total  cycle was 45 minutes duration. 

the high c ross  range mission. 
temperature of 2600OF in approximately 5 minutes and held for 15 minutes 
before reducing temperature.  
The 2600°F limit was imposed to ensure good lamp life but this temperature  
is  also consistent with the maximum leading edge temperature  computed in 
Phase II, considering internal c ros s  radiation, but excluding low catalytic 
effects . 

Oxygen par t ia l  p re s su re  was limited to a maximum of 0. 3'70 
to provide an average value for the entry profile. 
by two instruments upstream of the specimens. 

This level was monitored 

Specimens were  cycled for  60 simulated missions with a 
flexure ba r  removed and tested after each 20 cycles. 
40 missions remained high at  13,053 ps i  and 12,858 ps i  respectively. 
specimens had edge coating which reduces apparent strength as compared 
with the specimens used for  design data). However, it was discovered at  
the 60 cycle checkpoint that air leaks around the Vycor windows was 
causing excessive subsurface oxidation when the strength fell to 10,018 
psi. A mapping of the weight losses  of the specimens located under each 
window revealed that significantly higher weight 10s ses were  experienced 
near  the window seals than in the center of the window. 
specimens had some portion exposed to the higher oxidation rate,  it was 
pointless to continue the tes t  and all specimens were  scrapped. 

Strength after 20 and 
(These 

Since most  of the 

Efforts to seal the windows in  a positive manner were  

Repeated attempts to 
f rui t less  because when an effective sea l  was made, the thermal  gradients 
and restraint  caused the Vycor windows to crack. 
solve this problem were  unrewarding and l i t t le confidence existed that 
the problem could be solved without major  rework, high risk,  and 
unacceptable delays. 
approach was devised. 

This tes t  facility was therefore abandoned and a new 

Since the thermal  tes t  r ig (Section 7.2.2) proved so successful 
in the Prototype leading edge entry temperature test ,  it  was decided to 
adapt this setup for  thermal/oxidation cycling tes ts .  The graphite heaters 
were  reconfigured to provide a flat ra ther  than curved heater and installed 
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into a vacuum chamber that was operated at  3 psig. 
pictured in F igure  5-44. 
velocity of 17.5 f t / s ec  hot. 
chamber in a proportion to limit the oxygen par t ia l  p re s su re  to the 0. 370 
desired.  
changed in 20 minutes. Oxygen par t ia l  p ressure  was monitored by a gas 
chromatograph. 
that for the radiant lamp facility. 

The installation is 
A blower and duct arrangement produced a i r  

Make up oxygen and nitrogen were  added to the 

Flow ra t e  was such that the 100 ft3 chamber environment was 

The temperature  profile and controller were  the same a s  

The tes t  environment i s  i l lustrated on Figure  5 - 4 5 .  Temperature  
was controlled to the profile shown with slight roundoff a t  the corners .  
gas  chromatograph readings over the 100-cycles indicate that the oxygen 
par t ia l  p re s su re  var ied as noted by the curve labled " 0 2  Test". 
tions of the 0 2  environment during entry a r e  shown for  comparison. 
be seen that 0 2  availability during tes t  was conservative during the ear ly  
portion of entry with the c r o s s  over occuring at  18 minutes. Testing was 
unconservative during the la t ter  portion of the simulated entry condition, 
but, when it is considered that significant oxidation should occur only above 
1000-1500 OF, the average 0 2  availability in tes t  represented a good simula- 
tion of flight. 
t es t  specimens for  100 -cycles. 

Average 

Computa- 
It can 

These temperature/oxidation conditions were  applied to the 

Specimens tested were  f r o m  a number of different coating runs 
and included both heat t reated and non heat treated specimens. Tes t  resul ts  
obtained by VMSC following the 100-cycle exposure a r e  given in  Table 5-8. 
A comparison of this data with the as-fabricated strength given in Table 5-2 
and Figure  5-30 reveals that l i t t le o r  no strength loss  within expected data 
sca t te r  is evident in  the flexure strength. Compression strength is actually 
higher than that obtained on a s  -fabricated mater ia l .  This, however, i s  
attributed to data scat ter  o r  tes t  technique ra ther  than environmental effects. 

Note also that non heat treated mater ia l  behaves similarly to 
the heat treated mater ia l  and shows a slightly higher strength after oxidation 
exposure than the heat t reated material .  Based on Pereny  furnace tes t  data, 
this is not surprising. 

One important aspect to note f rom these tes ts  is  that in this 
tes t  and the aborted radiant lamp cycling tes t ,  l i t t le o r  no coating thickness 
loss was in evidence (reference Table 5-8). 
i s  l e s s  prone to attack the silicon carbide coating and therefore is available 
to permeate  through the coating to oxidize the substrate.  Atomic oxygen 
on the other hand is  reactive with silicon carbide, and if  this reaction occurs ,  
there  is l e s s  oxygen available to attack the substrate.  To compare molecular 
against atomic oxygen reactions, a flexure bar  was exposed in a plasma a r c  
a t  2600°F surface temperature for 7. 1 hours and a t  a p re s su re  to simulate 

This is because molecular oxygen 
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FIGURE 5-45 THERMAL/OXIDATION TEST ENVIRONMENT 

TABLE 5-8 SILICON1 ZED RPP STRENGTH FOLLOWING THERMAL/OXIDATION 
CY C L I NG WARP DIRECTION -1 3-PLY 

SPECIMEN 

M1461155-18 

w 1 OM11 3-7 

W1 OM11 3-8 

M1371141 F-16 

M 1 4311 44-7 

M1461155-17 

WlOM113-11 

WlOM113 FO-8 

M145-12 

M149-1 

W6-13 

M 1 49-3 

100- M 

CONDITION 

HEAT TREAT 

HEAT TREAT 

NON HEAT TREAT 

NON HEAT TREAT 

SION DATA 

TEST 

FLEXURE 

FLEXURE 

COM PR ESSl 0 N 

COMPR ESSl ON 

FLEXURE 

I 
FLEXURE 

FA1 LING 
STRESS 

PSI 

14200 

13400 

15800 

13800 

12400 

14800 

15300 

13300 

15700 

14100 

16800 

16900 

THICKNESS 
CHANGE 

IN. 

- 0.001 

+ 0.002 

+ 0.002 

0 .000 

- 0.002 

0.000 

- 0.003 

+ 0.004 

0.000 

- 0.003 

0.000 

- 0.002 
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about 70 missions.  
inch) of the flexure bar was exposed, i t  did provide an indication of the 
effect to be expected. 
reacted differently f rom that exposed to atomic oxygen. 
specimen experienced measurable coating erosion (0 .019  in. ) while the 
other specimens did not. Substrate attack of the plasma specimen was 
apparently nill, since the flexure strength after exposure was 14100 psi, 
and the coating was tightly adherent even though eroded beyond the normal  
0 .010  in. limit. The control specimen failed at  14200 psi. 

While only a small  central  portion (approximately 1 

As anticipated, flexure ba r s  in molecular oxygen 
The plasma 

Additional throught must be given to the manner in  which the 
siliconized R P P  system is evaluated. 
processing (e.  g., heat t r ea t  o r  not),and characterization of the material, 
to test  in the most  realist ic environment, be i t  pr imari ly  atomic, molecular 
o r  a mix. If the composition of the entry environment cannot be determined 
accurately then bounds can be applied to the zest environment and the resul ts  
used in a consistent manner.  
coating oxidation in  an  atomic (dissociated) environment, where high heating 
rates to achieve high temperatures  a r e  required because of the low catalytic 
surface.  Yet, the catalytic effects a r e  not considered by most  potential 
u s e r s  in the evaluation of mission life. 

It is important to the selection of 

This is particularly important when testing 
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6.0 NON DESTRUCTIVE EVALUATION (NDE) AND INSPECTION 

In Phase I a variety of NDE techniques were  examined 
including radiography, ultrasonic through-transmission, ultrasonic 
pulse-echo, sondicator low-frequency sound, infra-red,  and eddy- 
current .  
attenuator (carbon tetrachloride) and ultrasonic through-transmission 
(C-scan) gave the best resul ts  for  determining delaminations o r  low 
density regions in laminates. Infra r e d  indicated potential but was no 
better than the other two. 

It was determined that x-ray radiography in conjunction with an 

The Phase  XI effort pursued x-ray and ultrasonic techniques 
fur ther  and sought to establish standards for  the in-process evaluation 
of laminates and completed hardware.  Holography was also examined 
briefly, since this approach i s  receiving increased emphasis in the NDE 
field. However, initial attempts have been disappointing with holography, 
when attempting to thermal  s t r e s s  the R P P .  

Results with x-ray and ultrasonic show that these a r e  effective 
tools for  indicating low density regions o r  delaminated a r e a s  a t  the R P P - 2  
and RPP-3  states.  
RPP-0  and R P P - 1  conditions neither technique is appropriate a t  these 
stages and reliance is placed on visual and tap testing. It fur ther  appears  
that the ultrasonic technique will suffice for coated mater ia l ,  while x- ray  
is effective on coated par t s  only for edgewise sections such a s  r ibs ,  
beams,  o r  intercostal  flanges. 

However, with the large porosity prevalent in the 

Data has been gathered on flat laminates a s  well a s  .complex 
Unfortunately only flat laminates have been destructively 

The components a r e  being used for  
components. 
tes ted to confirm NDE indications. 
other purposes and cannot be destroyed at  this time. 
report  summar izes  data obtained in the evaluation of laminates throughout 
the processing steps and documents data obtained on wing tip panel and 
prototype leading edge components. 

This section of the 

6. 1 LAMINATE INVESTIGATIONS 

6. 1. 1 NDE Studies 

An objective of the Phase  I1 activity was to establish NDE 
standards for evaluation of bare  and coated R P P .  
sonic techniques had been proven to be the best  candidates examined to 
date, effort was concentrated on these approaches.  Of p r imary  interest  
was the determination of laminate soundness in both the bare  and coated 
conditions. 
levels of laminates by NDE techniques were  beyond the scope of the 
cur ren t  effort. 
by destructive tes t  of flexure bars  and plasma specimens processed with 

Since x - r ay  and ul t ra-  

Attempts to determine coating thickness o r  establish strength 

Component strength and coating thickness a r e  assessed  
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the part .  
determining "good" or ' b ad"  a s  opposed to "how good" or "how bad". 

The Phase  I1 program was pr imari ly  concerned with 

The approach taken was to select a number of panels with 
suspected defects and follow these through the various processing stages 
to determine when NDE techniques become effective and how effective. 
Two groups of laminates were  examined as  discussed below. 
group, comprised of panels LE #11 and LE #68, were  examined a s  
R P P - 3 ,  bare  and coated. 
R P P - 0  through R P P - 3 .  

The f i r s t  

The second group of panels was followed f r o m  

Two la rge  10 inch x 12 inch bare  panels were  selected for t r i a l  
examination. One, panel LE #11, was a 13 ply laminate with a thickness 
of 0. 190 inch, while the other, panel LE #68 ,  was fabricated f r o m  20 
plys for a thickness of 0 .240  inch. 
graphically, using carbon tetrachloride a s  an attenuator, and by the 
ultrasonic technique with water a s  a couplant. 

Both panels were  examined radio- 

No defects were  observed on panel #LE 11 by radiographic 
examination and only minor porous a reas  were  observed ultrasonically. 
Radiographic examination of Panel #LE 68 on the other hand showed 
la rge  void o r  porous a r e a s  originating a t  the edges of the panel. 
sonic inspection also showed generally porous o r  void conditions in the 
same region. 

Ultra- 

A number of f lexure bars ,  measuring 0.75 inch wide x 5.0 
inch long, were  taken from each panel. 
bare  condition and the other half were  tested in the coated condition. 
The resul ts  listed in Table 6-1, c lear ly  show that the defect indicators 
do indeed predict  a r e a s  of low strength. 
relative to the indicated defects i s  i l lustrated in F igure  6-1 f o r  the LE 
#68 panel. 
agreement  with strength data normally expected for R P P  panels in 
these thickness ranges. 
neither carbon tet nor water has a detrimental  effect on either bare  or 
coated R P P  strength. 

Half of these w e r e  tested in  the 

The location of these specimens 

F lexure  values obtained in sound a r e a s  of the panel a r e  in  

One conclusion that can be reached is that 

The s t r e s s  levels produced by the coated and heat t reated 
specimens from the thick panel a r e  higher than expected even though 
strength of coated thick panels should be higher than f o r  thinner ones. 
Coating depth on these specimens was about 50% deeper than planned so 
the high strength cannot be attributed to thin coating. 
the coated specimens showed no strength reduction compared to bare  .lor 
panel #LE68. 

It is surprising that 
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TABLE 6-1 FLEXURE STRENGTH OF BARE AND COATED R P P  
4-POINT LOADING 

A 

Panel  

1 42 0 O:* 
12000;: 
22 100 
2 1700 
1 2 3 0 0::: 
20800 
2 1800 
2 1800 
2 1600 W 

LE #11 (13  plys) 
( N o  observable defects) 

LE # 68 (20 P lys )  
(Defective Panel  
Ref F igure  6-1) 

Specimen Flexure  Strength 
No. Condition PSI 

11-2 
11-4 
11-6 
11-8 
11-10 
11-12 
11-14 
11-16 
11-18 
11-20 

11-1 
11-3 
11-5 
11-7 
11-9 
11-11 
11- 13 
11-15 
11-17 
11-19 

68 -2 
68 -4 
68 -6 
68 -8 
68-10 
68-12 
68-14 
68-16 
68-16a 
68-18 
68-20 

68-1 
68 -3 
68-5 
68 -7 
68 -9 
68-11 
68-13 

68-15 
68-17 
68-19 

Bare  20900 
2 1300 
19300 
20400 
20 100 
20900 
20500 
19900 
19900 
20600 

I 
1 

B a r e  

Coated 15100 
14900 
12900 
15000 
12600 
16400 
13500 
13300 
12700 

Coated I 13 100 

Coated 10700::: 
17800::: 
9300:; 

22500 
23200 
2 1600 

22200 
23500 

Coated I 2 1500 

-- ::: gross  delam- 
no tes t  

): Specimens which w e r e  cut from areas noted to be  defective by 
x- ray  and ultrasonic inspection. 
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The coated 13 ply laminate strength i s  about a s  expected for 
t h e  particular furnace run in which these specimens were coated. Coating 
thickness was in the desired 0 .020  in. range. 
the coated and bare  conditions, providing evidence that mater ia l  appearing 
sound by x- ray  and ultrasonic test  does produce good strength. 

Strength is uniform in both 

F ive  panels, each 10 in. x 10 in. x 13 ply, were  selected in the 
R P P - 0  condition for  NDE testing because of observed defects which were  
determined by tapping o r  visual examination of the edges. 
were  radiographically and ultrasonically examined after each pyrolysis 
cycle f rom RPP-0  through R P P - 3 .  
number 1-18, which is typical of the others,  a r e  shown in F igures  6-2 
through 6-8. 

These panels 

Results f rom one of these panels, 

In general  radiographic data using carbon tet at  each processing 
step were  s imilar ,  but, a s  the density of the panel increased, the ability 
to identify defective a r e a s  became eas ie r .  
RPP-0 and R P P - 1  conditions is not considered feas ib le  because the high 
degree of porosity a t  these conditions resul ts  in saturation with carbon tet. 

Evaluation of defects in the 

Similarly,  ultrasonic examination is not feasible in the RPP-0  
and RPP-1  conditions because of the high sound absorption o r  attenuation 
in  these ma te r i a l  conditions. However, a t  the R P P - 2  and RPP-3  stages, 
defective a r e a s  become pronounced a s  the furfuryl alcohol impregnant 
fills the smal l  voids and increases  panel density. 

It can be seen that reimpregnation decreases  the void because 
the delaminated region becomes smal le r  with successive impregnations. 

Infrared testing was also performed on some of the five panels 

With the recent replacement of the defective dewar, the 
A higher sensitivity Barnes Model D-lOS, 

but resul ts  were  not satisfactory because of a malfunctioning dewar in the 
tes t  equipment. 
equipment has been upgraded. 
dewar and infrared detector unit has  been procured which exhibits less 
signal to  noise ratio. 
this equipment. 
efforts, and the equipment modifications should give better defect resolu-  
tion capabilities in future studies. 

A new X-Y recorder  has a lso been installed on 
Feasibility of infrared evaluation was proven in Phase  I 

A feasibility study i s  in progress  with a G.C. Optronics Model 
1306C, holographic unit. This unit has a 15 milliwatt, helium-neon 
continuous wave l a se r  mounted on a 4 foot x 6 foot table, which has auto- 
mat ic  leveling and vibration damping with a i r  cushion devices. An 
attempt to induce thermal  s t r e s ses  into RPP-3  by heating to 1 , 0 0 0  F 
has  not produced significant fringe pattern deviations, with known defective 
a reas .  
due to the relatively high thermal  conductivity and low coefficient of 

0 

The failure to induce thermal  s t ress ing of the panels was probably 
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FIGURE 6-2 PHOTOGRAPH OF RADIOGRAPHIC FILM FROM PANEL # 1-8, RPP-O 
CONDITION. DETERMINATION OF DELAMINATED AREAS IS NOT 
POSSIBLE DUE TO SATURATION OF CARBON TETRACHLORIDE 
THROUGHOUT AVAILABLE POROSITY. 
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FIGURE 6-3 PHOTOGRAPH OF RADIOGRAPHIC FILM FROM PANEL # 1-8 RPP-1 
CONDITION. OUTLINED AREAS WERE NOTED TO BE DELAMINATED BY 
VISUAL EXAMINATION AND TAPPING. CARBON TETRACHLORIDE 
SATURATION IS EVIDENT IN AVAILABLE POROSITY AND 
DELAMl NATION. 
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9, 

ULTRASONIC C-SCAN RECORDING OF PANEL # 1-8, RPP-1 CONDITION. 
APPROXIMATELY HALF OF THE AVAILABLE POROSITY VOLUME HAS 
BEEN FILLED BY INITIAL IMPREGNATION. WHITE AREAS ARE POROUS 
WHICH GIVE HIGH ATTENUATION LEVELS. 
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FIGURE 6-5 PHOTOGRAPH OF RADIOGRAPHIC FILM FROM PANEL # 1-8, RPP-2 
CONDITION. DELAMINATION AREAS AND THE AVAILABLE POROSITY 
HAVE BEEN FILLED WITH CARBON TETRACHLORIDE. 
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FIGURE 6-6 ULTRASONIC C-SCAN RECORDING OF PANEL # 1-8, RPP-2 CONDITION. 
RE-IMPREGNATION HAS DECREASED SIZE OF DELAMINATED AREA 
WHEN COMPARED TO FIGURE 6-4 RPP-1 CONDITION. MAJOR AMOUNT 

RE-IMPREGNATION. 
OF AVAILABLE POROSITY VOLUME HAS BEEN FILLED DURING 
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FIGURE 6-7 PHOTOGRAPH OF RADIOGRAPHIC FILM FROM PANEL # 1-8, RPP-3 
CONDITION. DELAMINATION AND AVAl LABLE POROSITY VOLUME HAS 
DECREASED IN SIZE WHEN COMPARED TO FIGURE 6-3 AND 6L5, RPP-1 
AND RPP-2 CONDITIONS. . 
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FIGURE 6-8 ULTRASONIC C-SCAN RECORDING OF PANEL # 1-8, RPP-3 CONDITION. 
RE-IMPREGNATION HAS FURTHER DECREASED SIZE OF DELAMINATED 
AREA WHEN COMPARED TO FIGURE 6-6 RPP-2 CONDITION. 
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expansion of the R P P - 3  mater ia l .  
panels, vibration, will be tr ied in the future. 
DCA-50 power supply i s  being p rocured  which will  dr ive a t ransducer  
through a frequency range f r o m  DC to 500 KHz. 
been ordered;  a ceramic  c rys ta l  - 10,000 to 100,030 KHz, and an electro-  
mechanical unit with frequencies up to 15,000 KHz. 
excitation of defective panels by vibration s t r e s s e s  will produce observable 
fringe patterns.  

Another method of s t ress ing  the 
A Krohn-Hite Model 

Two transducers  have 

It is expected that 

6. 1 .2  Pre l iminary  Standards 

A series of standard samples  has been selected containing 
known defective a r e a s  for evaluation of R P P  laminates.  
defects selected a r e  i l lustrated in F igures  6-9 and 6-10. 
(1) single ply delamination, ( 2 )  multiple ply delamination and ( 3 )  excessive 
porosity o r  low density a reas .  
sections of panels with these defects have produced low strength. Data 
f r o m  panel LE # 68 is a typical example. The standards selected were  
identified by c r o s s  sectioning and examination of photomicrographs. 
Typical examples of defective and good laminate s t ruc ture  a r e  given in 
F igures  4-2, 4 - 3  and 4-4. 
defects, while the panel in F igu re  6-10 has both excessive porosity and 
delaminations. 
similar o r  corresponding defect indications. 

The types of 
They a r e  

Flexure strength data taken f rom various 

The standards in F igure  6-9 have single type 

Note that radiographic and 'ultrasonic inspection gives 

F igures  6-11 and 6-12 demonstrate the usage of these standard 
samples  when large panels o r  assemblies  a r e  evaluated. 
sample is placed next to the panels o r  assemblies  and subjected to u l t ra -  
sonic o r  radiographic inspection a t  the same t ime and using the same 
techniques. The standard samples  ensure that the panel being inspected 
has  no comparable defect indications, and that the equipment and inspec- 
tion process  is capable of discerning defects of a cer ta in  type within a 
specific sensitivity level. 

The s tandard 

Fu tu re  phases will extend the NDE data and standards developed , 
in Phase  Il. These will be up-graded, and a continuing evaluation will 
ref ine the relationship of the NDE response data to mechanical propert ies  
and micros t ruc ture  of the laminate. The refinement of these standards 
will  re la te  acceptance c r i t e r i a  and tolerances to  in-proces s quality control, 
so that a specification may  be issued for  various N D E  procedures  to be 
used during manufacturing processes  evaluation and end i t em inspection 
of components. 

, 
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_. . .  . *  . . 

MULTIPLE PLY DELAMINATIONS 

'I " 
I -  

LARGE DELAMINATION - SINGLE PLY 

U LTR ASON I C C-SCAN R ECO R DI NGS 

TR ANSM I SSl ON 
5.0 MHz - 1OOX 3.0 GAIN.THROUGH 

PHOTOGRAPHS FROM X-RAY FILMS 
10 Ma, 25 Kv, 36" FOCAL, 60 SECONDS - 
WITH CARBON TETRACHLORIDE 
IMMERSION 

FIGURE 6-9 NON-DESTRUCTIVE EVALUATION STANDARD SAMPLES. TVPICAL 

AND EXCESSIVE POROSITY. CORRELATION WAS ESTABLISHED BY 
VISUAL, PHOTOMICROGRAPHIC, RADIOGRAPHIC AND ULTRASONIC 
EXAMINATION OF DEFECTIVE AREAS. 

DEFECTS - LARGE DELAMINATION, MULTIPLE PLY DELAMINATIONS 
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ULTRASONIC CSCAN RECORDING 5.0 MHz - 1OOX 3.0 GAIN, %" DIAMETER TRANSDUCER, 
TH ROUGH TR ANSM I SSl ON 

PHOTOGRAPH OF X-RAY FILMS - 10 Ma, 25 Kv, 36" FOCAL, 60 SECONDS - WITH CARBON 
TETRACHLORIDE IMMERSION 

F I G U R E 6- 1 0 NON-D ESTR UCT I V E EVALUATION STAND A R D SAMPLE. DE LAM IN AT IONS 
AND POROSITY OF LOW DENSITY AREA DEFECTS. 

. . 
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FIGURE 6-11 PHOTOGRAPH OF RPP-3 PANEL FROM RADIOGRAPHIC FILM USING 
CARBON TETRACHLORIDE IMMERSION WITH STANDARD SAMPLE. 
NO DEFECTIVE AREAS PRESENT IN PANEL, HOWEVER DEFECTS IN 
SAMPLE ARE READILY OBSERVED. 

. . . .  
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FIGURE 6-12 ULTRASONIC C-SCAN RECORDING OF RPP-3 PANEL WITH STANDARD 
SAMPLE. NO DEFECTIVE AREAS PRESENT IN PANEL, HOWEVER 
DEFECTS IN SAMPLE ARE READILY OBSERVED. 
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6 . 2  HARDWARE EVALUATION 

Three prototype leading edge ssemblies a d two win tip 
panel assemblies were  fabricated in Phase 11. 
using radiographic and ultrasonic NDE techniques by the Quality Control 
(Q. C. ) organization of VMSC as  a means of gathering data on the quality 
of bare  and coated R P P  components. 
functions on Phase  I1 were  a s  follows: 

These were examined 

The purposes of the Q.C. and N D E  

Ensure that process  requirements a s  defined by specifica- 
tion and drawing were  complied with. 

Collect data on the dimensional stability of the hardware 
during processing. 

Gather data f rom x-ray and ultrasonic tes ts  for evaluation 
and comparison with future destructive test .  

Become intimately acquainted with the specific mater ia l s  
and processes  for  better effectiveness in future phases of 
the RPP activity. 

Since the fabrication of R P P  components was developmental 
and on a ' be s t  efforts" basis there  were  no specific acceptance/rejection 
c r i te r ia  established short  of gross  delamination, warpage o r  fabrication 
e r r o r s .  
leading edges, indicates that s t ructural  configurations of this s ize  and 
complexity can be fabricated and controlled to desired tolerances. 
some anomalies were  noted, in each case  they were  such that they could 
be eliminated on future assemblies.  

However, an examination of the data accumulated on the Prototype 

While 

By following the components through the various phases of 
fabrication and utilizing the data determined f rom flat  panel testing (Section 
6.  1) it became m o r e  c lear  a t  what stages of manufacture cer ta in  inspection 
techniques a r e  best  suited. 
a r e  not effective in the R P P - 0  and R P P - 1  state,  but light tapping can be 
employed for  gross  delamination examination. 
reaches the R P P - 3  stage, both radiographic and ultrasonic techniques 
appear suitable. As a means of establishing mechanical strength perfor-  
mance at  each level of component fabrication, strength data was obtained 
on representative 13 ply laminates at  various stages of processing. This 
mater ia l  was molded into flat  panels a t  the t ime of fabrication of each 
par t  and testing was conducted by Q. C . ,  ra ther  than the Engineering. 
Data obtained f rom these tes ts  (average of three specimens) a r e  shown in 
Table 6 - 2 ,  where typical strength improvement after each reimpregnation 
i s  noted. 

F o r  example, x-ray and ultrasonic techniques 

When the component 

Final RPP-3  strength for  flat laminates should normally be 
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MA r ‘I. 
CONU. 

AUTO 
CLAVE 

RPP- 0 

RPP-1 

RPP-2 

RPP-3 

COATED 

AVERAC 

ANGLE X 

ANGLE 
-ANGLE V 

4 3 ’  
E2 

ANGLE W 

KK 

AA 

FIGURE 6-13 DIMENSIONAL DATA COLLECTED FOR PROTOTYPE 
LEADING EDGE 
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in the range of 18000 to 22000 ps i  based on recent laminate performance. 
The tes t  panel for  wing tip panel S /N 2 fa l ls  somewhat shy of this range 
f o r  unknown reasons but strength i s  acceptable for  the use intended. 
This panel was selected a s  the uncoated unit. All other assemblies 
appear satisfactorily strong a s  indicated by tes t  panel strength. 
after coating for a l l  assemblies is also acceptable and in a range expected. 

Strength 

Dimensional stability of the fabricated ar t ic les  has been very  
encouraging, especially during coating, when the par t s  a r e  relatively 
unconstrained, Data obtained on the three Prototype leading edge 
assemblies is summarized in Table 6-3, while the legend for the 
dimensional data is given in F igure  6-13. 
sions is attributed to good restraint  tooling, which may have been m o r e  
sophisticated than required.  

The stability of these dimen- 

1 Examination of thicknesses, such a s  B, B , D and K,  show 
typical thickness shrinkage between the as-molded and pyrolyzed condi- 
tion. Thickness remains stable thereafter,  even through coating. Width 
dimensions (E-1, E-2 and E-3) i l lustrate the lack of shrinkage in the 
plane of the laminate. Dimensions R&S indicate the warp free charac-  
teristics. Leading edges, S/N-1 and S/N-2 ,  show differences between 
R & S  values in the as molded condition but the differences a r e  decreased 
in the RPP-3 state. 
were  not replaced into the molding tool when the trailing edge sea l  s t r ips  
and r ivets  were  cured subsequent to the initial cure  of the leading edge 
layup. This produced moderate init ial  warp, par t  of which was removed 
during pyrolysis by the restraint  tooling. Note that on S/N-3  this 
problem was corrected by using the layup tool during bonding and rivet.  
Corner  angles (U, V, W, X) tend to close during pyrolysis unless 
prevented f r o m  doing so  by suitable res t ra in t  tooling. 
of the tooling employed is evident. 
correlation to the desired values, and stability through the coating process .  

.The reason for  the difference is that these units 

The effectiveness 
All other dimensions show close 

Selected radiographic and ultrasonic evaluations were  made a t  
the RPP-3  stage and af ter  coating a s  a means of establishing a data bank 
and gaining experience with R P P  /NDE techniques on components. Radio- 
graphic data obtained on the Prototype units is i l lustrated by F igu re  6-14. 

Typical ultrasonic views of the Prototype leading edges are 
The lower portion of the leading shown in F igures  6-15 through 6-19. 

edges in the 14 ply region (view I) a r e  shown in F igures  6-15, 6-16 and 
6-17. 
better with S / N - 2  and S/N-3  indicating improvement with fabrication 
experience. 
S /N- l  a s  i l lustrated by the t r ace  given in  F igure  6-18. 

Note that low density a r e a s  appear on S/N-1 but get progressively 

After coating, low density a r e a s  a r e  s t i l l  in  evidence on 
This is 
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NOTES: 

(1) VIEWS 1 THROUGH 1 4 0 N  EACH LEADING EDGE ASSEMBLY 
(2) VIEWS 1 THROUGH 6 TAKEN ON EACH SEAL STRIP 
(3) ULTRASONIC TRANSDUCERS WERE POSITIONED FOR INSPECTION 

OF AREAS DEPICTED BY VIEWS 1,2,3 AND 4 FOR THE PANEL 
ASSEMBLY AND ALL VIEWS AS SHOWN FOR THE SEAL STRIP 

(4) ALTHOUGH IT IS NOT ILLUSTRATED, THE SAME PROCEDURE OF 
VIEW SELECTION FOR BOTH X-RAY AND ULTRASONIC WAS 
USED FOR INSPECTING THE WING TIP ASSEMBLIES 

FIGURE 6-14 RADIOGRAPHIC X-RAY VIEWS TAKEN FOR PROTOTYPE 
LEADING EDGES 
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R l B  

RIB 

FIGURE 6-15 ULTRASONIC C-SCAN RECORDING OF DOUBLER AREA AND TSEAL 
BOND OF LEADING EDGE S/N-1 AT RPP-3 STAGE 
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R I B  
.. . 

R IB 

FIGURE 6-16 ULTRASONIC C-SCANRECORDING OF DOUBLER AREA AND T SEAL 
BOND OF LEADING EDGE S/N-2 AT RPP-3 STAGE 
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RIB 

FIGURE 6 1 7  ULTRASONIC C-SCAN RECORDING OF DOUBLER AND T-SEAL OF 
LEADING EDGE S/N-3 AT RPP-3 STAGE 
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R I B  

FIGURE 6-18 ULTRASONIC C-SCAN RECORDING OF DOUBLER AREA AND TSEAL 
BOND OF LEADING EDGE S/N-1 AFTER COATING 
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_-- - -  ---_ 
FIGURE s - 1 9  ULTRASONIC C-SCAN RECORDING OF LEADING EDGE~EAL-STRIP s/N - 

AT RPP-3 STAGE 
1 
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significant because i t  indicates that ultrasonic C-scan may be effective 
on coated par ts ,  where x-ray techniques a r e  not applicable because the 
coating masks  subsurface defects. 

in Figure 6-19. 
radi i  of the par t  a r e  not adequately evaluated. 
held transducers for inspection in these difficult areas .  The edges of the 
par t  a r e  also not accurately defined with the diameter of transducer used. 
However, defects a t  the edges can usually be observed visually and 
smaller  t ransducers  may be employed. 

A typical record of the resul ts  on a "T" sea l  s t r ip  i s  shown 

This will require hand 
With the automatic traversing equipment the corner  

Radiographic examination of the S / N -  1 Prototype leading edge 

The bare  RPP-3  leading edge is pictured in F igure  6-20, 
is i l lustrated in  Figures  6-20 through 6-22 and i s  typical of the other 
leading edges. 
while the coated condition i s  shown in Figures  6-21 and 6-22. These 
views correspond to, and can be contrasted with, the ultrasonic t r aces  
of F igures  6-15, 6-18 and 6-19. 
c racks  noted on Figure 6-20 a r e  Itmud'' cracks,  a res in  r ich surface 
condition in the radius of the part. 
up before coating and are not detrimental to the part. 
or  porous areas can be observed on the x-rays;  however, no attenuator 
was used on these par t s ,  because i t  had not yet been determined whether 
this would be detrimental to coating. 
F igures  6-21 and 6-22 around the edges of the par ts .  
identify delaminations if edgewise shots, such a s  on flanges, can be 
obtained, but it i s  not possible to identify these on flat regions without 
an attenuator. However, even with carbon tet the coating masks  
subsurface defects a s  noted above. 

It should be noted that the surface 

These a r e a s  a r e  normally cleaned 
No delaminations 

Coating thickness is apparent on 
X-ray evaluation 

Radiographic examination revealed probable local corner  
delamination where the r ibs  and beams intersect on leading edges S/N-1 
and S/N-3 .  
R P P - 3  processing. 
better molding tooling, such a s  the use of RTV rubber precast  mold 
parts.  However, these corner  regions a r e  apparently not highly loaded 
and a weakened region at  this point may not be severe.  

Also, mud cracking prevailed on a l l  of the par ts  through 
The corner  delaminations can be improved by 

Following coating, some degree of bond delamination of the 
trailing edge "T" s t r ips  was in evidence on al l  three leading edges. 
Leading edge S/N 2 was worse  than the others but through both boost 
pressure  and entry temperature  tes ts ,  the severity of delamination by 
visual inspection remained unchanged. By comparison the bonded inter - 
costals on the coated wing tip panel showed no evidence of delamination 
during coating. However, improved bonding techniques will be required. 
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SURFACE CRACKS 7 
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FIGURE 6-20 X-RAY VIEW 1 LEADING EDGE SKIN S/N-1 
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FIGURE 6-22 X-RAY OF LEADING EDGE S/N-l AFTER COATING 
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In  general  the quality of these par t s  i s  very good especially 
considering the fact that these were  the f i r s t  units of this s ize  and 
configuration fabricated. 
passed both load and thermal  tests without evidence of failure of any 
kind. 

This i s  supported by the fact that they 

The wing tip panels were also examined radiographically and 
ultrasonically, examples of which a r e  given in  Figures  6 - 2 3  through 
6 - 2 5 .  Ultrasonic t r aces  of both wing tip panels a r e  shown in F igure  
6 - 2 3 .  Indications a r e  that the S / N  l.pane1 is quite porous and the 
intercostal  bonds a r e  a lso porous. 
S/N 2 but again the intercostal  bond appears unbonded. However, 
destructive evaluation of these bonded a r e a s  will be required to be 
certain of the meaning of the ultrasonic indicators. 
costals a r e  not unbonded because this could be seen by visual examination, 
especially af ter  coating. 

This appears improved somewhat on 

Apparently the inter-  

Typical x-rays of the two wing tips are shown in F igures  6 - 2 4  
However, S /N  2 on Figure  

This panel was not 
and 6 - 2 5 .  
6 - 2 5  shows evidence of delamination along the ribs.  
coated. 
angles can be observed to wander somewhat and is probably indicating 
a low density bond. This might require greater  clamping p res su re  to 
reduce porosity and increase bond strength. 

S/N 1 has no significant defects. 

On both figures the scr imb cloth between the two intercostal  

. The wing tip panels proved more  difficult to fabricate than the 
Pro to type  leading edges and the x-ray of F igure  6 - 2 5  bears  this out. 
Debulking was a problem with the wing tips because of the smal l  
res t r ic ted  space. 
improve this situation. Improved debulking aids will be required for  
future par t s  of this configuration. 

A grea ter  span and l a rge r  corner  radii  may 

It is important fix a better understanding of the applicability of 

This 
NDE techniques to future efforts that destructive evaluation of these com- 
ponents be performed once they have served their  p r ime purpose. 
will  dispel much speculation on the significance o r  severity of a defect 
indication. It is apparent that x - ray  and ultrasonic C-scan techniques 
will become useful tools in the evaluation of R P P  components, but 
increased emphasis on NDE will be required to produce an effective 
production operation. 
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UPPER TRAILING EDGE! UPPER TRAILING EDGE 

SECONDARY 

OF 
I NTER COSTALS 

SIN - 1 BOND AREAS SIN - 2 

LOWER TRAILING EDGE LOWER TRAILING EDGE 

FIGURE 6-23 ULTRASONlC C-SGAN RECORDING OF WING TIPS S/N'S 1 AND 2 
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FIGURE 6-24 X-RAY OF WING TIP PANEL S/N-1 SHOWING LOWER SURFACE, 
RIBS & INTERCOSTAL - RPP-3 
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FIGURE 6-25 X-RAY OF WING TIP PANEL S/N-2 SHOWING LOWER SURFACE, RIBS 
AND INTERCOSTAL RPP-3 
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7.0 LEADING EDGE HARDWARE 

As a demonstration of the ability to fabricate full scale  hard-  
ware,  a s  a verification of the applicability of analysis tools, and a s  a 
means of determining where potential fabrication problems lie, three 
full scale prototype leading edges and two f u l l  scale wing tip panels were  
successfully fabricated through coating. Two of the prototype leading 
edges were  tested successfully at  VMSC to the cr i t ical  boost load and 
entry temperaturee,  while the two wing tip panels wi l l  be tested by 
NASA-MSC i n  the 10 MW plasma a r c  heater. The prototype leading edges 
represented flight vehicle design and were  fully analyzed for thermal,  a i r  
loads,! thermoelastic, and vibrational environments. The t e s t  environ- 
ments applied maximum airloads and thermoelastic s t r e s s e s  without 
f ai lur e. 

The wing tip panels by contrast  were  configured to an existing 
NASA geometry and were  not analyzed, since they will be subjected only 
to plasma a r c  exposure. The design concept for support of the wing tip 
panel permits  thermal  distortion without inducing significant thermo- 
elas  t ic s t r e  s ses. 

The following sections of the report  discuss the features  of the 
tes t  ar t ic les ,  the fabrication techniques employed, and the tes t  results.  

7 . 1  WING TIP LEADING EDGE PANELS 

Two R P P  wing tip leading edge panels w e r e  designed and 
fabricated for tes t  in a NASA-MSC plasma a r c  facility. 
was coated, while the other will  be tested bare. 
used to assess the performance uf the baseline 10/60/30 siliconized sys tem 
under both stagnation temperature  conditions and conditions producing 
aerodynamic shear. 
performance on an R P P  component, ra ther  than simply on flat  panels 
normally used for mater ia l  sys tem evaluation. The tes t  will a lso (1) 
indicate the most  c r i t i ca l  erosion region on a typical leading edge con- 
figuration (2)  provide temperature  data that can be compared against 
internal c r o s s  radiation analysis, and (3) obtain additional data to support 
analysis of low catalytic effects in stagnation and non stagnation regions. 

One of the panels 
The coated panel will be 

This will provide an opportunity to evaluate coating 

The bare  leading edge will demonstrate  erosion ra tes  and erosion 
patterns around the leading edge. 
uniformity of R P P  erosion in a simulated entry environment where both 
temperature  and aerodynamic shear s t r e s s  variations a r e  encountered. 

This i s  important in assessing the 

Preceding page blank 
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7.1.1 Design and Instrumentation 

The external geometry of the wing tip panels shown in F igure  
7-1 is in general  accordance with geometry supplied by NASA-MSC. 
The design i s  comprised of (1)  the wing tip panel, which incorporates 
integrally fabricated r ibs  and aft attachment flanges ( 2 )  intercostals 
bonded to the lower surface, ( 3 )  end plates to block direct flow of plasma 
gasses  into the wing tip cavity, (4) six thermocouples to measure  
temperature response in the plasma a r c  environment, (5 )  a mounting 
plate assembly, and (6)  a carbon felt  insulation shield to protect the 
mounting plate f rom overheating. 

Because airloads a r e  insignificant in  the plasma a r c  tes t ,  no 
s t ructural  analysis was conducted. 
on the basis  of being comparable to that on which the bulk of the cur ren t  
design data was obtained. 
ma te r i a l  fabricated in a component and that fabricated as flat panels. 

The 13 ply thickness was established 

This permits  more  direct  correlation between 

Thermoelastic analysis was not conducted for  two reasons:  
(1) with the low thermal  expansion and low elastic modulus of the coated 
R P P ,  analyses on other la rger  full  scale  assemblies  have shown low 
thermal  stresses. It was estimated that relatively low thermal  s t r e s s e s  
would resu l t  on the wing t ip panels, a s  well; and (2 )  the design approach 
frees the wing tip at the support flange to allow the r i b  sections to c lose 
slightly a s  they heat up. 
requi res  loose attachments a t  the upper o r  lower support flanges. 
plasma a r c  tes t  conditions, this should be acceptable. 

This will minimize thermal  s t r e s ses ,  but 
F o r  

In accordance with NASA request,  back to back intercostals 
were  bonded to the lower surface a s  a demonstration of bonding technique 
and to a s s e s s  the integrity of a bonded joint through fabrication and test .  
While intercostals a r e  no longer planned for the flight vehicle, their  
application on the smal l  wing tip panels a s s i s t s  in developing bonding 
technology. 
s ame  fashion a s  for  the trailing edge sea l  s t r ips  for the Prototype leading 
edge units. 
technique because of schedule demands. 

Bonding was performed in the as-molded condition in the 

Little opportunity was available to optimize the bonding 

Thermocouples were  installed into notches dril led into the R P P  
Chemical incompatibility of the coating and thermocouple before coating. 

wi res  is offset by utilizing a ba r r i e r  of Astroceram. 
this approach has not been established. 

The life limit of 

Conditions under which the thermocouples must  survive a r e  
severe.  
temperatures  up to 3400°F a r e  anticipated, while operating in an oxidizing 

F o r  example, when used with the ba re  wing t ip component, 
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atmosphere (although at  reduced p res su res ) .  
should not exceed 2850°F but the siliconized coating is highly reactive 
with noble metals  a t  these temperatures  and requi res  protection. 
Thermal  expansion of the pa r t  requi res  some spring technique to permi t  
the thermocouple to s tay in contact with the surface to be measured.  

The coated component 

The oxidation environment prompted the u s e  of a noble metal ,  
ra ther  than tungsten-rhenium f o r  example. 
dictated i r idium for the thermocouple wires  and ber ry l ia  for  the sheath 
insulator. Since silicon attacks i r idium and other noble metals ,  a 
chemical b a r r i e r  of As t roceram was used to  protect the wire.  In high 
tempera ture  measurements ,  such a s  will be encountered in  the wing 
t ip panel test ,  i t  i s  generally accepted pract ice  to  employ rigid, spring 
loaded, thermocouples to accommodate the thermal  expansion involved. 
While this technique was employed in this program, the configuration 
of the mounting plate for the thermocouple car t r idge becomes complicated 
as shown by the thermocouple installation in F igure  7-2. 

The 3400°F temperature  

It was felt that a better system might be obtained if  a thermo- 
couple could be fabricated with flexum1”spring ” in  the probe portion that 
would insure  continued surface contact a s  the s t ruc ture  expanded. This 
could permit  a simple, uniform mounting plate for  the car t r idges.  Such 
a scheme was discussed in reference 6. One company indicated that a 
flexed probe thermocouple might be a feasible approach to provide the 
spring action necessary  to keep the thermocouple in contact with the 
par t ,  but attempts to fabr icate  such a device proved negative so that a 
r e tu rn  to the coil  spring car t r idge approach was required. 

Coil spring loaded thermocouples were  procured f r o m  Aero-  
the rm Corp.,  Mountain View, California. A photograph showing typical 
units is provided as Figure  7-3, while the c r o s s  section is depicted in  
F igu re  7-2. Each thermocouple is comprised of 0.005 in. dia. i r idium 
and iridium-rhodium wires  in a double bored 1 / 16 in. dia. beryllia 
tube, which acts  a s  an insulator. 
installed over the f i r s t  for  strength and rigidity. 
in a s ta inless  s tee l  car t r idge,  provides a spring load over an excursion 
of t 1/8 in. The car t r idge is screwed into the mounting block, located in 
t h e c o o l  aft region of the wing tip. Mounting block temperature  is moni- 
to red  with -constantan thermocouples to  provide a reference junction 
temperature  for  the ir idium units. Because i r idium and the silicon 
carbide coating on R P P  reac t  a t  a low temperature ,  a chemical b a r r i e r  
of As t roceram was employed at the interface. The acceptability of this 
approach was demonstrated by chemical compatibility tes ts ,  conducted in  
an induction heater to the operating temperatures  anticipated. 

A 1/8 in. dia. berryl l ia  tube is 
The coil  spring,mounted 
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FIGURE 7-3 SPRING LOADED THERMOCOUPLES FOR WING TIP ASSEMBLIES 
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7 . 1 . 2  F abricat  ion 

A female mold was employed in the fabrication of the wing 

The mold (Figure 7-4) was made f rom a 
t ip panels to ensure a smooth outer surface and enhance the attainment 
of a wrinkle-free laminate. 
rolled and shaped aluminum plate to form the outside curved surface of 
the part .  
to maintain configuration during debulking and cure.  
side plates, which facilitate the removal of the par t  after cure,  were  
attached with 1 /4  inch s teel  bolts to the outside reinforcing ribs.  
934, an aluminum filled epoxy, was used to fo rm the mold for the corner  
o r  r ib  radii. The aft section of the mold,which forms the attachment 
flanges of the wing t ip pane1,were also removable to permit debulking 
during lay-up and facilitate removal of the par t  after cure.  

Aluminum reinforcing r ibs  were welded to the outside surface 
Removable aluminum 

Epon 

Lay-up began by tailoring the phenolic graphite prepreg to 
the total  overall  outside dimensions of the par t .  
were  then placed in the mold one ply at  a t ime while hand debulking with 
a heat gun (150'F) and meta l  rol lers .  
after each 3 plies of layup using a rubber plunger (Figure 7-4) in  a large 
platen p r e s s  at 50 ps i  p ressure .  
the prepreg graphite, which forms the aft attachment section, was folded 
into the mold, meta l  plates were  attached and final debulking was performed 
using the rubber bladder shown in Figure 7-4. 
to 50 ps i  for  final debulking of the par t  and a l so  to fo rm the attachment 
flange section. 
were  employed in the radius areas to fo rm the corners  and minimize 
wrinkling. 

These tailored plies 

Additional debulking was performed 

After the final ply was placed in  the mold, 

This bladder was pressurized 

After final debulking,silicone rubber molds (Figure 7-4) 

Perforated cellophane and dry fiberglass cloth was placed over 

Autoclave cu re  
the layup for  volatiles removal during cure.  
packaged in a mylar  bag which was sealed and evacuated. 
was conducted at a pressure of 80  psi ,  while vacuum was maintained in 
the mylar  bag throughout the cure  cycle. The heating profile peaked at 
300°F in accordance with the requirements of L T V  specification 308 -7-10A. 
After cure ,  the bag and par t  were  removed f rom the mold. 

The layup and mold were  then 

A three piece aluminum mold was used to f o r m  the internal 
reinforcing angles (intercostals)  for  the wing tip. 
fabricated through cu re  like the main wing tip section. 
rough t r i m  the reinforcing angles were  bonded to the inside surface of the 
wing tip body (Figure 7-5) using the following procedure. 
were  sanded with a 240 grit  sandpaper to remove the parting film and to 
deglaze the surface. Liquid R-120  res in  was then brushed on all faying 
surfaces  and allowed to dry  to remove the excess alcohol. 

These par t s  were  
After cure  and 

Faying surfaces  

When the res in  
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FIGURE 7-5 WING TIP SECTION SHOWING BONDED REINFORCING ANGLES 

FIGURE 7-6 GRAPHITE HOLDING FIXTURES FOR PYROLYZATION OF THE WING TIP 
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became tacky, one ply of WCA/R-120 prepreg cloth was placed between 
the two angles and also between the angles and the wing tip section. 
Additional s t r ips  of prepreg cloth were  placed in the radius a r e a s  between 
the angles to f i l l  and seal  the cavity for coating. 
then bagged in a mylar bag, evacuated, and cured for two hours at  300 F 
under vacuum pressure .  

The bonding layup was 
0 

The wing tip panel assembly in the as-molded state was then 
placed in a female graphite holding fixture, conforming to the outside 
contour of the par t  (Figure 7-6) for pyrolysis. Additional graphite 
holding fixtures a r e  placed inside the par t  i n  the aft section and around 
the internal flange a r e a s  to eliminate angle closure. Pyrolysis was 
conducted with the par t  packed in a stainless s teel  re tor t  filled with 
coarse  carbon particles which provide high thermal  conductivity during 
pyrolysis and also act  as a scavenger for oxygen to produce an oxygen 
f r e e  atmosphere for  the part .  A 96-hour t ime-temperature profile is 
provided by a c a m  controller to reach the lSOO°F pyrolyzation temperature.  

The pyrolyzed par t ,  now in the RPP-0  state,was reimpregnated 
to increase strength. 
remove a i r  f r o m  the pores  in the part .  
f i l led with catalyzed furfuryl alcohol and pressurized to 80 psi  to force 
the alcohol into the fine pores.  

It was placed in a vacuum pres su re  chamber to 
Subsequently, the chamber was 

After removal, the wing tip panel was blotted with paper towels 
to remove the excess furfuryl alcohol. Autoclave cure  of the furfuryl 
alcohol was limited to two hours a t  300°F after h i c h  the par t  was again 
placed in the graphite holding fixture and pyrolyzed a s  before. 
impregnation and repyrolyzation cycle was performed three t imes  to 
strengthen the par t  to the desired R P P - 3  state. 

The 

The RPP-3  par t  was then machined to final configuration and 
washed with isopropyl alcohol in  preparation for  coating. 
conducted in a cylindrical re tor t  and the 10 aluminia -60 silicon carbide- 
30 silicon baseline system pack material .  
discussed in Section 4. 3.2. 
oxidation resistance was performed a t  a nominal 3200'F. The coated par t  
is shown in Figure 7-7. 

NDE X-ray and ultrasonic evaluations of the wing t ip assemblies  
in the R P P - 3  state a r e  covered in Section 6.0.  
tip panels with thermocouples installed is pictured in F igure  7-8. 
particular photos a r e  of the uncoated unit, which was the f i r s t  to be 
assembled. 
during installation and they were  easily pulled out of their sockets because 
of the weak spring loading. 

Coating was 

Coating process  details a r e  
Heat treating to improve high temperature  

An assembly of the wing 
These 

Care  had to be exercised with the fragile thermocouples 

However, they were  equally easy to reinsert .  
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FIGURE 7-7 WING TIP PANEL S/N-1 FOLLOWING COATING 
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FIGURE 7-8 BARE WING TIP PANEL ASSEMBLY SHOWING THERMOCOUPLE 
INSTALLATION 

292 



. 7.1.3 Tes t  P lans  

As noted previously, the two wing t ip panel assemblies  a r e  
A tes t  plan to be tes ted in the NASA-MSC 

was prepared  for  NASA-MSC that contained the following objectives: 
10 MW plasma a r c  tunnel. 

- Confirm predicted erosion r a t e  of bare  carbon-carbon in 
a simulated entry environment representative of the space 
shuttle wing leading edge. 

- Determine erosion distribution of ba re  carbon-carbon around 
a representative wing section. 

- Confirm predicted skin temperature  reduction due to c r o s s -  
radiation. 

- Evaluate pers is tence of low catalytic effects on coated 
carbon-carbon downstream of the stagnation line. 

- Confirm applicability of flat f ace  model plasma t e s t  data to 
a leading edge configuration. 

- Establ ish life l imits  for  the coated wing tip. 

The models will  be oriented at an angle of attack of 30° to the 
flow but sweep angle will  be 0'. 
maximum recommended local cold wall heat f l u  r a t e  for  the coated model 
was ra i sed  to 100 BTU/ft2 sec  to achieve a surface temperature  of 2700°F 
at  an anthalpy of 12000 BTU/lb. 
establish coating life l imits  on the model. Tes ts  with insulation to prevent 
internal  c r o s s  radiation will be compared to those where this heat t ransfer  
is not suppressed so that analytical techniques can be verified. 

Because of low catalycity effects, the 

Multiple cycling was recomm-ended to 

The bare  model will  be employed both as a "calor imeter"  and a s  
a means of establishing empir ical  erosion rates for  comparison with 
analytical predictions. 
uncoated R P P  in  the entry environment. 
determined for  the coated model a t  various locations around the wing tip. 
Thickness changes will  be used for this evaluation. 

This data is desirable  for fur ther  evaluation of 
Erosion r a t e s  will  a lso be 

7.2 PROTOTYPE LEADING EDGE 

The design and analysis of the prototype leading edge assembl ies  
are  covered in  Section 3.0, while the NDE and other inspection aspects  of 
fabrication are documented in Section 6.0. 
discusses  fabrication of the three  prototype leading edge assemblies  and 

This section of the repor t  
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the curved seal  s t r ips .  
entry temperature tes t ,  conducted on the leading edge asseniblies,  a r e  
summarized her ein . 

11.1 add i t ion  the boout prt:Hsuro 1o;rcln t t - a l  ; i r i ( l  

7 . 2 .  1 Fabrication 

The mold for the fabrication of Prototype leading edges 
(Figure 7 - 9 )  was made f rom a rolled aluminum plate stiffened with 
welded reinforcing webs, to fo rm the outside curved surface of the part .  
Machined aluminum str ips  were  riveted and bonded to the curved section 
for forming the joggles in the outside surface. 
were  welded to the edges of the curved sections to fo rm the r i b  a reas .  
Removable end plates were  attached with s teel  bolts to fo rm the end 
closure (trailing edge beams) and facilitate removal of the par t  f r o m  
the mold af ter  cure .  Molded sections to fo rm the corner  radi i  of the 
R P P  were  made f rom Epon 9 3 4  adhesive. 
each new part .  
curved sea l  s t r ip ,  Figure 7-10, and consisted of a rolled aluminum plate 
to fo rm the outside contour and two machined aluminum plates which 
formed the vertical reillforcing web. 
mold was a straight three piece aluminum mold like that used for  the 
curved sea l  strip.  

Shaped aluminum plates 

These were  replaced for  
A three piece aluminum mold was used to fo rm the 

The trailing edge "T" section seal 

Lay-up of the leading edge prototype began by tailoring the 
phenolic graphite prepreg cloth to the total outside dimensions of the part .  
These tailored plies were  placed in the mold one ply at a t ime with hand 
debulking using a heat gun (150'F) and meta l  rol lers .  
of the plies, forming of the corners ,  and the addition of a ply build-up 
area on the lower surface a r e  described on the Engineering drawings in 
Sections 3 . 2  and 3 . 3 .  

The placement 

Special attention was given to debulking the internal radius a r e a s  

The vacuum was reduced 
of the layup. 
up and heating to 1800F under vacuum pressure .  
and the heated par t  was fur ther  debulked using metal  rol lers .  
shaped ro l le rs  were  used in the radius a reas .  

F ina l  debulking was accomplished by bagging the ent i re  lay- 

Special 

The sea l  s t r ips  were  formed by laying-up one half of the tailored 
plies of prepreg cloth on each curved machined section of the mold. 
Spacers  were  placed between the mold sections to eliminate over debulking 
and three positioning rods were  placed in positioning holes in the mold 
before the two sections were  brought together. 
debulked in a platen press .  Str ips  of prepreg cloth were  placed in the 
radius section to f i l l  the gap and the final plies of cloth were  layed-up to 
complete the curved sections of the sea l  strip.  
mold was then placed over the lay-up for  bagging and cure.  

These sections were  then 

The curved section of the 
Trailing 
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FIGURE 7-9 PROTOTYPE LEADING EDGE LAYUP MOLD 

FIGURE 7-10 SEAL STRIP MOLD 
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edge seal  s t r ips  were  layed-up in a like manner using three piece 
aluminum tools. 
described in section 7. 1. 2 

A l l  par t s  were  bagged and cured in the autoclave a s  

After rough machining the aft sea l  s t r ips  were bonded to the 
Faying edges were  main leading edge section in the following manner. 

sanded with 240 gr i t  sandpaper to prepare  a clean bonding surface. The 
a r e a  was cleaned with alcohol, and brush coated with R -120 liquid resin,  
which was allowed to dry  at  room temperature.  WCA graphite/phenolic 
prepreg cloth was placed on the main body of the leading edge over the 
a r e a  to be bonded. 
with s t r ips  of WCA prepreg cloth to eliminate voids. 
were located on the main leading edge section using pilot holes, which 
were  la ter  filled with R P P  rivets.  An evacuated mylar bag covered 
the assembly during bond cu re  at  300 F for  two hours. After bonding, 
the pilot holes were  drilled and countersunk in preparation for R P P  
rivets,  F igure  7-1 1, which were  fabricated as follows. 

A slight mismatch in the radius a reas  was fi l led 
The sea l  s t r ips  

0 

Kreha KCF-100, SY-503 carbon fiber thread was wrapped on 
an  aluminum drum and dip pre-preged with R -120 phenolic res in .  
Drying of the r e s in  was done at  room temperature,  while rotating the 
drum to a s s u r e  even res in  distribution. 
a circulating oven for  30 minutes a t  180'F. 
then placed in the debulking mold, Figure 7-12, which shaped the threads 
into a round rod. 
in the frozen s ta te  to final dimensions. 
allowed the rod to protrude 1/4" on each side of the section to be riveted. 
Warming to room temperature  then allowed the "B1' staged f ibers  to re turn  
to their  plyable condition. 

"B'l staging was conducted in 
The prepreg threads were  

This rod was then frozen in liquid nitrogen and machined 
Pieces  were  cut to a length that 

Shaped plugs, F igure  7-13, machined f r o m  as-cured WCA/ 
phenolic laminates, were  used to shape the countersunk heads of the 
R P P  rivets. The protruding prepreg f ibers  were  separated at  the center 
and spread to the outside of the countersunk hole. 
having a brush coat of R-120  phenolic resin,  were  placed on both sides of 
the rivet and clamped. 
oven at  300°F for two hours. 
machined off to leave a flush countersunk rivet (Figure 7-11). 

The shaped plugs, 

Curing of the rivets was conducted in a circulating 
After cure ,  the excess plug and f ibers  were  

Pyrolyzation of the prototype leading edge assembly was pe r -  
formed in a graphite restraining fixture in a carbon particle filled re tor t  
shown in Figure 7-14. 
and reimpregnated and repyrolyzed three t imes a s  described in Section 
7.1.2. 
s t r ip  in the R P P - 3  state ready for coating. 

The prototype leading edge segments were  pyrolyzed, 

Figure 7-15 shows a prototype leading edge assembly and sea l  
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FIGURE 7-11 LEADING EDGE SECTION SHOWING RPP RIVET 

FIGURE 7-12 RIVET DEBULKING MOLD 
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FIGURE 7-13 AS - CURED PLUG USED TO FORM THE HEAD OF AN RPP RIVET 

FIGURE 7-14 GRAPHITE RESTRAINING FIXTURES FOR PROTOTYPE LEADING EDGE 
IN PYROLYZATION RETORT 

298 



FIGURE 7-15 PROTOTYPE LEADING EDGE ASSEMBLY AND 
SEAL STRIP READY FOR COATING 

FIGURE 7-16 SHAPED GRAPHITE RETORT USED FOR 
COATING PROTOTYPE LEADING EDGE 
ASSEMBLIES 
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The par t s  were packed in a 10 alumina - 60 silicon carbide - 
30 silicon pack mater ia l  in a shaped graphite re tor t ,  F igure  7-16, and 
coated in an argon atmosphere at  3050°F for  two hours. P a r t s  were 
readily removed f rom the pack and cleaned with a stiff br is t le  brush. 
Details of the coating process  a r e  discussed in Section 4 .3 .2 .  
graphs of the coated hardware a r e  shown in Section 7.2.2. 

Photo- 

7 . 2 . 2  Tes t  

Prototype leading edges were tested to the maximum design 
air load condition occurring during the boost phase, and to the maximum 
thermal  s t r e s s  conditions encountered during entry. 
these tes t s  was to demonstrate that the design would indeed meet l imit  
s t r e s s  conditions for  single mission exposure without failure.  
t es t s  were  used to prove that g ross  deficiencies in design or  fabrication 
did not exist. Neither t ime nor funding permitted cycling to validate 100 
mission life capability. However, temperature  cycling for 100 missions 
has  been conducted successfully by North American Rockwell on the 
R P P  belly panel, which was fabricated and coated by VMSC. 

The purpose of 

These 

Boost Pressure Test  - The most c r i t i ca l  design condition for 
the leading edge occurs  a t  an angle of attack of - 5 . 8 O  during launch at  
the period of maximum dynamic pressure .  The assumption of 1.0 p s i  
venting lag (Section 3 .  1) produces a limit p r e s s u r e  differential of 2 .6  
p s i  on the lower surface of the leading edge and a very small or  
essentially ze ro  p r e s s u r e  differential on the upper surface ( re ference  
F igu re  3-40 for  subcase 11). 
upper trailing edge beam; however, applied s t r e s ses  
a r e  small and not significant. A good representation of the design con- 
dition, which was used for  tes t ,  i s  a uniform p r e s s u r e  differential of 
2 .6  p s i  l imit  applied f r o m  the trail ing edge on the lower surface to 
within 4 in. wrap  distance of the geometric stagnation point. This 
p r e s s u r e  was applied by a bladder, attached to a laminated phenolic 
block, contoured to match the leading edge. 
be seen in the background of F igure  7-17. 

This condition i s  cr i t ical  for a l l  but the 
on the upper beam 

The block and bladder can 

Thirty-five s t ra in  g a g e s  were applied and recorded during 
test .  In addition, four deflections were monitored. Strain gage locations 
can be seen in F igures  7-17, 7-18, and 7-19. Deflectometer supports 
and locations can be seen in F igure  7-20. These r eco rd  r i b  and panel 
maximum outward deflections, and inward deflections of both trail ing 
edge beams. 
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The most  significant data to  be obtained f r o m  the test ,  according 
to s t r e s s  analysis resul ts ,  i s  the s t r e s s  in the upstanding leg of the r ibs ,  
skin shear  s t r e s s e s  in the lower corner  of the panel, and deflections of 
the r ib  and panel. These data a r e  shown in Figures  7-21, 7-22, and 7-23 
along with bending s t r e s s  data in the lower skin panel. 

Rib s t r e s s e s  computed using the NASTRAN routine a r e  compared 
against experimentally determined s t r e s ses  in F i g u r e  7-2 1. 
s t r e s s e s  a t  the top of the upstanding flange a r e  plotted against the coordi- 
nates used in the NASTRAN analysis. 
panel is indicated in Figure 3-39. 
trailing edge, while gr id  point 109 i s  located a t  the upper surface trailing 
edge. Correlation i s  quite good in the prediction of tensile s t r e s s e s  but 
compression s t r e s s e s  on the lower portion of the r ib  were  overstated by 
analysis. The reason for this may be that assumptions of skin effective- 
ness  (width) acting in  bending with the r ib  beam elements was conserva-  
tive, which could effect the s t r e s s e s  significantly. 

Limit load 

Their relationship to the overall  
Grid point 1 represents  the lower 

A comparison of computed and measured  skin s t r e s s e s  a r e  
shown in F igure  7-22 fo r  two areas :  (1) the maximum bending s t r e s s e s  
in the lower panel at  the centerline of the leading edge segment and (2 )  the 
lower corner  of the panel a t  the beam-rib intersection. 
(Figure 7-22) the chordwise prediction of s t r e s s e s  is close to measured.  
The axial component of s t r e s s  i s  about the same  as, but the bending 
component is lower than predictions. Spanwise s t r e s s  at  point "A" is 
significantly lower than predicted.' This is  t rue  of both the axial and 
bending components of s t r e s s .  Similarly, a t  the center of the lower beam 
the maximum compression s t r e s s  measured  was only 1161 ps i  compared 
to a 3060 ps i  prediction. It i sn ' t  c lear  why this should be, but in general, 
f r o m  examination of measured  s t r e s ses ,  the leading edge appears 
structurally m o r e  efficient than NASTRAN analyses would indicate. This 
i s  probably due to the curved skin and "picture frame" effect of the ribs 
and beams, which produce a stiff indeterminant structure.  

At point ''A'' 

The maximum shear  a r e a  a t  point "BI' indicates a higher 
measured  s t r e s s  than computed, but it mus t  be pointed out that shear  
modulus data i s  not available so that isotropic equations were  used in 
reducing roset te  s t ra in  gage data. This probably resul ts  in predicting 
a higher shear  modulus than actual and therefore an overstatement of 
shear s t r e s s .  Measured shear  s t r e s s ,  reduced in this fashion, is 4070 
higher than predicted. However, even if s t ra in  gage data so evaluated 
were  cor rec t ,  a margin of safety at  ultimate of 2370 would exist based 
on recent shear  strength data. Shear modulus data must  be obtained, 
however, before any accurate predictions can be made. Bending data 
a t  point IlB'l tends to indicate that shear  s t r e s s  ra ther  than bending o r  
axial  s t r e s s  dominates at  this particular location a s  predicted by analysis. 
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FIGURE 7-22 COMPARISON OF PREDICTED AND EXPERIMENTAL SKIN STRESSES 
BOOST PRESSURE LOAD TEST 
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Deflections of a r ib  and the center a r e a  of the lower panel 
a r e  i l lustrated in F igure  7-23. 
low, while the panel predicted deflection was 2871 high. 
slight set  of 0 .005  in. for the r ib  and 0.0 13 in. for the panel was 
experienced after loading to limit s t r e s s .  
common for the R P P  mater ia l ,  since it has been noted in specimen flexure 
testing a s  well a s  on the belly panel ( reference 9) during static tes t s  con- 
ducted by North American Rockwell. 
a s  f a r  a s  fatigue life i s  concerned because i t  has been demonstrated by 
tes t  that the fatigue strength of coated R P P  is  quite high even under 
reversed  load cycling. 

The prediction of r ib  deflection was 17% 
Note that a 

This apparently is not un- 

Certainly, this is of no consequence 

In summary,  the proof tes t  was highly successful. No cracks,  
delaminations, failures o r  other possible modes of damage were  noticed 
during o r  after test .  
measured  s t r e s s  values exactly, the analysis i s  generally conservative. 
Shear modulus data is required before positive evaluation of the inplane 
shear  data can be made. 

While the NASTRAN computations do not predict  

En t ry  Temperature Test - Two leading edge segments, mounted 
side by side with a seal  s t r ip  between, were  tested to a t ime-temperature  
profile simulating entry. 
in F igures  7-24 and 7-25 'Emperature  was applied by graphite s t r ip  
heaters  ganged together to produce four independently controlled heating 
zones. Desired temperatures  were  those computed for  the leading edge 
assuming an emittance of 0.85 and internal c r o s s  radiation effects, but 
excluding temperature  relief f rom low catalycity. 

Photographs showing the tes t  setup a r e  given 

Only the f i r s t  eight minutes of entry required simulation 

At about 240 sec after initiation of entry from 400,000 ft . ,  
because both of the c r i t i ca l  thermal  s t r e s s  conditions occur during this 
period. 
maximum gradients a r e  encountered in the r ib  and produce maximum 
r i b  flange thermal  induced tensile s t r e s ses .  
maximum temperatures  on the leading edge a r e  achieved, and due to the 
res t ra in t  a t  the s t i l l  cool lug supports, maximum compressive thermo- 
elastic s t r e s s e s  on the r ib  flange a r e  produced. At this t ime maximum 
thermoelastic s t r e s ses  in the skin a r e  also experienced, but these a r e  so 
low as  to be insignificant ( reference Section 3 .  5.3). 

After 400 seconds f rom entry, 

Because of the high temperatures  involved, s t ra in  gages cannot 
be employed for  s t r e s s  measurement .  
amenable to gathering the data desired,  since the leading edges a r e  almost 
completely enclosed during test .  Therefore, the tes t  became essentially 
"go-no go" f r o m  a s t r e s s  standpoint. 

Optical devices a r e  also not 
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Examination of the leading edge segments showed no adverse 
effects f rom the test .  No cracking, delamination, o r  other possible 
failurcti w c r c  nott!rl. 

'l'wenty-one therniocouplts were monitored during teat l o  
ensure sufficient data availability in the event of problems. 
locations a r e  indicated in F igure  7-26. 
the four heat zones was manually adjusted to produce good control to the 
desired profile which was established at  three points around the leading 
edge. 
side control thermocouple in the maximum temperature  zone (Thermo- 
couple No. 1) did not remain in good contact with the surface so that the 
t rue maximum surface temperature,  based on estimates using backside 
temperature  data, was probably only 2550°F ra ther  than the 2600°F 
de s i red.  

Their 
Input temperature  of each of 

In general ,  deviations f rom plan were  acceptably small. The front  

Tempera ture  data plots in the controlled regions a r e  shown in 
F igure  7-27 and a r e  compared against the desired profile at  three 
locations around the leading edge. 
nos. 1, 3, and 5 a s  shown in  F igure  7-26. These data show that the tes t  
condition was a satisfactory representation of the computed temperatures  
during entry a t  both p r imary  thermoelastic s t r e s s  conditions. 

These correspond to thermocouples 

F o r  the maximum r ib  gradiant condition with the calculated 
stagnation temperature  a t  1500 F, temperature  deviation f r o m  desired 
was no grea te r  than 70°F in the hot region and about llO°F in the cool 
leeward side of the leading edge a s  can be seen in F igure  7-27. 
trying to achieve the maximum computed leading edge temperatures ,  
which occur a t  420 sec on Figure  7-27, manual control of the heat zones 
produced some delay in achieving the desired temperatures  until 500 sec.  
However, comparing thermocouple data with the planned condition shows 
the following : 

0 

In 

Thermocouple # 1 
(Stag nation) 

Thermocotple  #3 
(Windward side) 

Thermocouple #5 
(Leeward side) 

Planned Temp Achieved Temp 
a t  420 sec a t  500 sec  

F 0 OF 
2600 2625 

2260 2330 

1775 1670 
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FIGURE 7-27 TEMPERATURE PROFILE DESIRED VS ACTUAL ENTRY 
TEMPERATURE TEST 



This indicates that the greater  portion of the leading edge 
(windward side) was slightly hotter than desired,  while the cooler 
leeward side was about 105OF cooler. 
achieved satisfactory temperature  levels to demonst rate t h e  adequacy 
of t h c  leading edge for this  condition, which induces niaxinium com- 
pression s t r e s s e s  in the upstanding l eg  of the ribs.  

Overall  the test  condition 

Other points of comparison between predicted and measured 
temperatures  a r e  given in Table 7-1. This shows the gradients f rom 

TABLE 7-1 COMPARISON O F  
PREDICTED AND MEASURED TEMPERATURE 

GRADIENTS AT 230 SEC TEST TIME 

Meas. Computed 
T emper  a tur  e G r  adient G r  adi ent 

Condition Thermocouples O F  OF OF 

Across Rib #12-#17 910 - 720 190 300°F 
Skin to Rib #1-#1? 1560 - 720 8 40 600°F 
Across  R i b  # 14-# 18 650 - 560 90 230 
Skin to Rib #3-# 18 1050 - 560 490 500 
Across  Rib #16-#19 350 - 400 -50  50 
Skin to Rib #5-#19 610 - 400 2 10 230 

the inner edge to the outer edge of the r i b  and also shows the gradient f r o m  
the maximum skin temperature  a t  the center of the panel to the inner edge 
of the rib.  
Rib gradients a r e  smaller than computed, probably caused by the heat 
sink effects of the 'IT" sea l  strip,  which was not included in the calculations 
for  conservat ism of stress analyses. 
good correlation with calculation but in the stagnation region a higher 
gradient was measured  than computed. 
heat sink effect of the sea l  strip.  

These a r e  to be compared with computations of F igu re  3-23. 

Gradients between skin and r i b  show 

This is not surpr is ing with the 

Temperatures  measured  a t  the lug points a r e  not discussed 
since they do not reflect flight conditions, because the time of tes t  was not 
meant to duplicate the ent i re  mission, and the insulation used was graphite 
felt,  which is not representative of flight type insulation properties.  How- 
ever ,  temperature  data on the lugs and a t  other points on the leading edge 
a r e  given in  Appendix C . 

The resul ts  of this tes t  do verify the adequacy of the leading 
edge design and mater ia l  to withstand imposed temperature  gradients 
representative of those computed for  flight. 
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Photographs of the leading edge assemblies  following tes t  
a r e  given in F igures  7-28 and 7-29. 
t es t  support s t ructure  and after thermocouples and insulation were  
removed. The dark marks  on one of the leading edges a r e  the resul t  
of charring of the s t ra in  gages used in the boost p re s su re  tes t ,  which 
was conducted pr ior  to the temperature  tes t .  
panel were  caused by the graphite felt  insulation. 

These a r e  shown mounted on the 

Other dark a r e a s  on this 
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APPENDIX A 

MATERIALS TESTS SUMMARY 

The data contained in Appendix A is a compilation of furnace 
coating run parameters  for  the diffusion systems, flexure strengths of the 
various diffusion coated systems, and plasma a r c  tes t  data obtained during 
the Phase  XI program. 
and specific specimen numbers contained in the following tables. 

These data a r e  correlated by furance run number 
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A.  1 FURNACE RUNS 

The following tablcs  document the furnace runs i n  which speci- 
mens were  coated for the leading edge during this reporting period. 
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TABLE A. 1-1 DLFFUSION COATING RUNS 

EARLY SERIES 

Pack 
Slurry Compound 
Comporition Comporition RPP-3  Furnace  T ime  a t  Wt Gain 

Specimen Weight Weight Substrate Temp Temp Due to 
Run No. Syrtem Ident Percent  Percent Condition OF Hours Coating 70 

M54 

M55 

M56 

M57 

M58 

BS 

BS 

BS 

Z BS 

Z BS 

Z BS 

BS 

Z BS 

BS 

1-4 
13-14 

5 -8 
15-16 

9-12 
17-18 

1-10 
11-12 

1-14 
15-16 

17-19 

20-23 

24-26 

28-30 

1-4 

5-a 

9-12 

13-16 

17-20 

21-24 

25-28 

1-4 

5 -8 
33-34 

IOOB 

IOOB 

lOOB 

IOOB 

lOOB 

3 2B 
682, 

50B 
50Zn 

15B 
852, 

97. lzn 
2.9B 

50B4C 
SOB 

2 c  
10B 

40BqC 
40 B 
2 0 ~ 1 2 0 3  

7 5B 
2SAl2O3 

50B 
502, 

302, 
70B 

l o z n  
90B 

50BqC 
50B 

10B 
2c 

6OSiC Not heat 
40 Si treated 

5OSic 
50Si 

4OSiC 
60Si 

5OSiC Not heat 
50Si treated 

SOSiC Not heat 
SOSi treated 

50Si 
5OSiC 

5OSiC 
SOSi 

Not heat 
treated 

Not heat 
treated 

3400 

3600 

3900 

3900 

82170 

3400 

4 

13.0 

25.6 

20.9 

4 

18.4 

4 

23.8 

4.9 

7.8 

7 .9  

13.2 

4 

12.5 

C 25.7 

19. 3 

12.0 

20.5 

8.8 

13.8 

4 20.0 

28.3 
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TABLE A. 1-1 DIFFUSION COATING R U N S  - EARLY SERIES (Cont'd) 

Pack 
Slurry Compound 
Composition Composition RPP-3 Furnace  T ime  a t  Wt Gain 

Specimen Weight Weight Substrate Temp Temp Due to 
Coating % Run No. System Ident Percent Percent Condition O F  . Hours 

M58 BS 9-12 40 B 4 c  
(cont'd) 40 B 

2OA l20 

13-16 lOOB 

17-20 75B 
35 2 5A 120 3 

Z BS 21-24 2.9B 
97. lzn 

25-28 SOB 
36 50Zn 

29-32 90B 
l0Zn 

M6O 

BS 1-6 

7-12 

Z BS 13-18 

M6 1 BS with 1-2 
s lu r ry  3-4 
modifi- 5-6 
cations 7-8 

9-10 
11-12 
13-14 
15-16 
17-18 
19-20 
21-22 
23-24 
25-26 
27-28 
29-30 
31-32 
33-34 
35-36 

M62 B switch 1-6 
s lur ry  41-42 

2 c  
10B 

. IOOB 

50Zn 
50B 

Boron treated 
C r  
Mo 
Hf 

- Boron Not heat 3400 

T 1  

BIB4C 
S1 
ZnH 
T 1  
C r  

B /S ic  
C r  
S i  
ZnH 
50Si 
50ZnH 

- B IBqC 

- BISiC 

- 

Not heat 3400 
treated 3900 

50Si C 
50Si 

50B Not heat 3400 
5OSiC treated 

7.8-11 50B 
43 -44 5OSiC 

modifi- 
cations 

12, 13-16 

17, 18-21 

22.23-26 

27,28-3 1 

M60-6 
M60-12 
M60-18 

32-34 

C r 
S i  

ZnH 
50Si 
50ZnH 

22.9 

28.5 

20.1 

3.1 

18.5 

9.2 

2 50.0 
3 

32.6 

20.4 

2.5 7 . 3  
7.1 
3.5 
6.2 
6.8 
4. 1 
3.9 

10.2 
4.8 
6.8 
2.6 
1.0 

14.3 
12.3 
14.0 
10.0 
12.0 
10.4 

2.5 4.9 

7.4 

5.9 

5.7 

9.2 

6.9 

-. 9 -. 5 
-. 9 

13. 5 W 
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TABLEA. 1-1 DVFUSION COATING RUNS - EARLY SERIES (Cont'd) 

Pack 
Slurry Compound 
Composition Composition R P P - 3  Furnace  T ime  a t  Wt Gain 

Specimen Weight Weight Substrate Temp Temp Due to 
Run No. System Ident Percent  Percent Condition O F  Hours Coating% 

M62 BS SOB Nothea t  3400 2.5 
(cont 'd) 5OSiC treated 35-36 10ZnH a .  7 

2B 

37-38 lOSi 
1B 

39-40 10ZnH 
2( SOB/ 5OSiC) 

M63 Z BS 27-30 - 
38-41 SOB/ 5OSiC 

61  50Si 
50ZnH 

62-63 - 

11.8 

6. 5 

SOB 
5OSiC 

I 1  

Not heat 3400 
treated 

2.5 15.6 
29.0 

41.6 

40B 
6OSic 

4OB 
6OSiC 

60B 
4OSiC 

I 

23.8 

82-83 50Si 
50ZnH 

17-18 - 
18.4 

7.1 

12.9 19 60 B 
4OSiC 

64 50Si 
50ZnH 

M65 Siliconi- 1 , l l .  21 20 20 20 
zed Sitsic /A1203 

2-4.12-14, 
22-24 

M70 Siliconi- 1-4 33A1203 
zed 33Si 

3 3SiC 

M7 1 Siliconi- 0-9 20 40 40 
z ed A1203/SiC /Si 

60B 
4Osic 

30 20 
Si/SiC 

9.2 

Not heat 3200 
treated 3400 

0.5  11.5 
4.0 

20.7 

70Si 
3 OA 12 0 3 

Not heat 2900 
treated 

6.5 45.0 

70 30 
Sic /Si 

Not heat 3400 
treated 

4 18.2 

M74 Siliconi- 4-5 - 33A1203 Not heat 2900 
Zed 33Si treated 

33SiC 

6.5 24.4 

33A1203 70Si 
3 3Si 3 OA l20 
33SiC 

24.7 

M79 Siliconi- 10-13 
z ed 

M8 1 Siliconi- 1-6 - 
zed 

19-22 - 
7-12 Sic 

6 

6 14.9 

25. 1 

22.6 

22.6 

35.0 

20 40 40 Not heat 2900 
A1203 /S ic  /Si t r  aated 

A 120 /S iC /Si t r  eat ed 
33 33 33 Notheat 2900 

70 30 
Si/A1203 

23-26 

13-18 33 33 33 
A1203 /Sic /Si 

27-30 34.2 
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TABLE A. 1-1 DIFFUSION COATING RUNS - EARLY SERIES (Cont'd) 

Pack 
Slur ry  Compound 
Composition Composition RPP-3  Furnace  T ime  a t  Wt Gain 

Specimen Weight Weight Substrate Temp Temp Due to 
Run No. System Ident Percent  Percent Condition OF Hours Coating % 

M82 Siliconi- 1-6 
z ed 

7 -9 

10-12 

13-15 

16-18 

19-21 

22-24 

25-26 

27-28 
29-30 

31-32 

33-34 

. 35-36 

2 OA 120 3 
40Si 
4OSiC 

91 3 6 
Si/A1203/Si02 

- 

91 9 
Sic /A1203 

- 
Sic 

- 
Si02 

- 
A1203 

7OSiC Not heat 
30.5 treated 

91 3 6 
SiC/A1203 /Si02 

1 ,  

S i c  
,, 

Si02 
I 

*'2'3 
I 

3400 22.6 

25.0 

26.3 

21.6 

19.8 

19.7 

17.8 

16.7 

19. a 
14.3 

19.7 

14.6 

15.5 
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T A B L E  A. 1-3 HEAT T R E A T  RUNS ALUMINA/ SILICON GARBIDE/SILICON SYSTEM 

S p e c i m e n  P a c k  F u r n a c e  Weight  
R u n  No. S y s t e m  Ide  nt if M a t e r i a l  T err-p, "F T i m e ,  H r s .  C h a n g e  70 

M I 3  1 3 /4 

M127 S i l i c o n i z e d  M 126-8 

M126-12 

1 ~ 1 2 6 - 2 0  

M127-7 

M126-17 

M126-9 

M125-3 

M125-B5 

M125-9 

M123-9 

M123-7 

S i l i c o n i z e d  M120-B3 

M 120 -B4  

M121-4 

M121-7 

M 1 2 1 - l l  

M122-6 

M123-6 

M 124-5 

M 124-6 

M124-8 

M 124- 12 

M 124- 14  

M125-5 

M125-7 

M129-1 

M129-4 

M129-9 

M l 2 9 - 1 0  

M 129 -9F  

M129-10F 

M129-13 

C a r b o n  f e l t  3200 3 /4 

C a r b o n  f e l t  3200 

- 0 . 3 5  

- 0 . 2 b  

- 0 . 2 5  

-0. 17 

-0.20 

-0.15 

-0 .34  

-0. 30 

-0 .24  

-0 .23  

-0. 17 

t o .  12 

-0.01 

-0 .04  

to. 06  

-0.10 

-0. 17 

-0.04 

to. 13 

10. 18 

to. 03 

+O.  24 

t o .  12 

t o .  22 

+ O .  23 

to. 09 

to. 05 

LO. 19 

+ O .  14 

10 .  07 

t o .  c 2  

1 0 . 2 6  

A-23 



S p e c  i m e  n P a c k  F u r n a c e  W e i g h t  
R u n  No. System Identif iM a t e r i a  1 Temp, OF T i m e ,  H r s .  C h a n g e  5, 

M13 1 S i l i c o n i z e d  M 129- 1 4  
( C o n t  Id. ) M 129 -.I9 

M129-20 

M130-1 

M130-2 

M130-4 

M130-5 

M130-14 

M130-15 

M130-16 

M130-17 

M130-23 

M 130 -24 

M130-25 

M 130 -26 

M130-35 

M130-36 

M130-37 

M134  S i l i c o n i z e d  

M133-7 

M133-8 

M133-11 

M133-12 

M133-B 13 

M 133 -B 1 4  

M 133 -B 17 

M 133 -B 18 

M132-1 

M132-8 

M132-9 

M132-16 

M 1 3 2 -B 4 

3200 3 I 4  

A -26 

to. 2 3  

to. 27 

+O. 17 

0 .0  

-0.02 

-0 .09  

-0 .09  

-0.0 

0 .0  

+O. 06 

+o. 15 

+O. 06 

+ O .  14 

0.0 

to. 0 3  

to. 05  

0.0 

to. 0 2  

-0 .43  

-0 .48  

-0. 50 

- 0 . 5 3  

- 0 . 4 6  

-0.37 

-0 .60  

-0 .69 

-0 .22  

- 0 . 2 2  

- 0 . 2 3  

- 0 . 2 8  

- 0 . 3 2  



T A B L E  A. 1-3 HEAT T R E A T  RUNS ALUMINA/SILICON CARBIDE/SILICON SYSTEM ( C o n t ' d .  ) 

S p e c i m e n  P a c k  F u r n a c e  Weight  
R u n  No. S y s t e m  Identif  M a t e r i a l  T e m p ,  O F  T i m e ,  H r s .  C h a n g e  5 

M132-BS M132-B5 3200 
M134 

(Cont'd.) lM132-Bll  M I 3 2 - B l 1  

M 1 3 2 - B l 2  M132-B 12 

M 1 3 2 - B l 6  M 1 3 2 - B l 6  

M l 3 2 - B 1 7  M 1 3 2 - B l 7  

M132-B22 M132-B22 

M132-B24  M132-B24 

M I 3 5  S i l i c o n i z e d  C a r b o n  fa t  3000 

M120-85 

M121-2 

M121-9 

M122-4 

M123-4 

M125-BB 

M126-10 

M126-13 

M126-16 

M 126 - 19 

LM 13 0 - 12 

M130-13 

M 13 0 -20 

M 130 -2 1 

IM 130 -27 

M 130 -28 

M 130-32 

.M 1 30 -3 3 

1M132-2 

M132-7 

A11 132 - 10 

M 13 2 - 15 

M132-Bl  

A-27 

314 

1 1 / 2  

-0.36 

-0.27 

-0.32 

-0.29 

-0.37 

- 0 . 3 5  

-0 .34 

-0.60 

-0.52 

-0. 53 

-0.61 

-0.52 

-0.40 

-0. 19 

-0. 16 

-0.18 

-0. 17 

-0.28 

-0.28 

-0.26 

-0.27 

-0 .31  

-0. 52 

-0.32 

-0.28 

-0 .27  

-0 .33  

-0. 29 

-0.30 

- 0 . 3 9  



T A B L E  A. 1-3 HEAT T R E A T  RUNS ALUMINA/SILLCON CARBIDE/SILICON SYSTEM ( C o n t ' d .  ) 

S p e c i m e n  P a c k  F u r n a c e  W eie ht 
R u n  No. S y s t e m  Identif  iMa t e r i a1 T e m p ,  OF T i m e ,  H r s .  C h a n g e  r~ 

M135 S i l i c o n i z e d  M132-B2 
( C o n t ' d . )  M132-B9 

IM 132-B 10 

M 1 3 2 - B l 3  

M132-B 14 

M 132-B 19 

M132-B21 

M133-3 

M133-4 

M133-9 

M 1 3 3 - 1 0  

M133-B7 

M133-B8 

M133-B 1 1  

M 133-B 12 

S i l i c o n i z e d  M 137- 10 

M137-2 

M137-9 

M137-12 

I M139 

M 1 3 7 - B I 1  

M137-B 1 

M137-B3 

M 13 7 -B9 

M138-B20 

M138-B21 

I M141 S i l i c o n i z e d  M137 & 
M138 

T 1 - T 1 8  

TO I -TO9 

T F  1 - T F Q  

C a r b o n  fa t  

C a r b o n  fe l t  
, 

S i c - 0 0 7 7 4  

Spent M I 2 0  
pack  

Carbon  f e l t  
, 

, I  

Sic -00774 

Spen t  Ml2O 
p a c k  

C a r b o n  f e l t  

3000 1 112 - 0 . 3 3  

-0 .36  

-0. 32 

-0.42 

-0.44 

-0 .47  

-0.43 

-0. 54 

-0 .56  

-0.62 

-0.59 

-0.60 

-0.61 

-0.65 

-0.63 

3200 3 14  -0.12 

-0. 13 

-0.62 

+2.00 

-0 .21  

-0. 15 

-0 .83  

-0.90 

-1 .15 

+2.10 

3 200 3 1.1 

- 0 . 2 8  

- 0 . 2 2  

- 0 . 2  1 

A-28 



T A B L E  A. 1 - 3  HEAT T R E A T  RUNS ALUMINA/SILICON CARBIDEISILICON SYSTEM ( C o n t ' d .  ) 

Spec i m e  n Pack F u r n a c e  W r i g h t  
S y s t e m  ldent i f  M a t e r i a l  T e m p ,  OF T i m e ,  H r s .  Change  'r, R u n  N o .  

iM141 S i l i c o n i z e d  T L 1 -T L 4  C a r b o n  fe l t  3 200 3 14 

( C  ont 'd. ) 1 - 12 

S I - s z  

so 1-so2 

1- 6 

M 144 

FO 1 4 0 9  

F 1-F  16 

F F 1 - F F 9  

1.4. 5, 7,8, 11 

BZ-B5, B7, B8 
B 10-B 12 

S i l i c o n i z e d  M142, M143 C a r b o n  felt 3200 

2 , 3 , 5 - 1 0  

B2, B3, B5- 
B 13, B17,  B18 

F 1 - F 2 3  

C F  1 - C F 7  

F F 1 - F F 1 4  

T F 1 - T F  15 

S B  1-SB8 

T l - T L j  

SL 1 -s L 14 

T C  1-TC4  

T B P 1 -  
T B P 4  

C 1 -C4 

SF 1-SF4 

s 1 - S I 0  

M151 /  153 S i l i c o n i z e d  M 149 

B I - B 1 1  

1-9 

C a r b o n  f e l t  3200 

- 0 . 1 4  

- 0 . 2 9  

-0 .36  

-0 .33  

- 0 . 2 7  

- 0 . 4 1  

- 0 . 2 0  

-0 .26  

-0 .34  

- 0 . 3 3  

3 14  

-0 .26  

-0. 38 

-0.32 

- 0 . 4 1  

-0.38 

- 0 . 3  1 

-0 .46  . 

-0 .33  

- 0 .  w 
-0. 2 3  

- 0 . 4 1  

-0 .34  

- 0 . 3 0  

-0 .33  

3 14 

-0.40 

- 0 . 4 2  

-0.4Q 

-0.  45 

A-29 



T A B L E  A. 1-3 HEAT T R E A T  RUNS ALUMINA/SILICON CARBIDE/SILICON SYSTEM ( C o n t ' d . )  

S p e c i m e n  P a c k  F u r n a c e  Weight  
Run No. S y s t e m  Identif M a t e r i a l  T e m p ,  O F  T i m e ,  Hrs .  Change  TO 

M151/153 S i l i c o n i z e d  ML45 C a r b o n  fe l t  3200 3 14  

( C o n t ' d . )  SB9-SB2 1 -0.66 

M155 

S L  15 -SL 18 

S F 5  -SF8 

B F  1 -BF  7 

S i l i c o n i z e d  M145, M146 C a r b o n  fe l t  3200 

T 5  - T11 
T F  1 - T F  

c 1 - c 3  

= 5 - c 7  
C F  1 - C F  5 ,  
C F 7  

*4 

BF 1 -BF 3 

F4' F 9 s  10 
S l - S 3  

S F  1, S F 6 ,  S F 7  

1 , 3  

B5-B8 

S B  1-SB5 
SB8,  S B l 2  

F F 1 - F F 5  

F F 9  -FF 13 

M I 5 2  S i l i c o n i z e d  3400 
t 

1 , 2 ( b a r e  R P P 3 )  s p e n t  pack 
t fe l t  B a r e  R P P 3  

5 - 8 ( b a r e  R P P 3 )  I 1  

M136-1, 2,  9-10 1, 

iM133-139, W1-  
B 10 

M 136-4. B4  I 

LM136-l, 10 ,  B2, c a r b o n  fe l t  
BO 

B O  

M 1 3 3 - B 3 , W l -  

-0.98 

-0.33 

-0.57 

3 /4 

-0.76 

-0.70 

-0.67 

-0 .41  

-0.44 

-0.43 

-0.20 

-0.48 

-0.50 

-0.61 

-0.73 

-0.48 

-0.52 

112 

t 8 . 7  

t19.3 

to. 5 1 

L O .  72 

-0 .61  

A - 3 0  



T A B L E  A. 1-3 H E A T  T R E A T  RUNS ALUMINA/SILICON CARBIDE/SILICON SYSTEM (Cont 'd .  ) 

S p e c i m e n  P a c k  F u r n a c e  l V  e i g h t  
R u n  No. S y s t e m  Identif  M a t e r i a l  T e m p ,  OF T i m e ,  H r s .  C h a n g e  ' 

M I 5 9  

M160 

M157 S i l i c o n i z e d  M156 C a r b o n  felt 

B2  1-B25 

C P A I - C P A 6  

C P P l  - C P P 3  

FPP 1 - F P P 3  

S i l i c o n i z e d  M I 5 8  C a r b o n  f e l t  

B 1 -B4 

2.3 

B3 1 
4 ,  5 

B33  

6 , 7  

W 2 - 1 4 ,  15 

S i l i c o n i z e d  C a r b o n  felt 

W -9 

1 -6  

B l - B 3  

- 

XC28,  C 2 8  

XC48,  C48  

0 1 3 . 2  1-6 

0 1 3 . 3  1-6 

013.4 1-6 

013.5 1-6 

013.6 1-6 

013.8 1-6 

0 1 3 . 7  1-6 

013. 1 1-6 

XC68, C 6 8  

XT9 ,  T 9  

XT6 ,  T6 

XT5.  T 5  

W 1-1, 2 ,  5 .  b - 

3200 3 I4 

3200 3 14 

-0. 52 

-0 .44 

- 0 . 6 7  

-0 .50  

-0 .54  

- 0 . 6 5  

-0 .59  
-0.63 

- 0 . 5 7  

- 0 . 3 4  

-0.28 

3200 3 1 4  

- 0 . 5 7  

- 0 . 4 7  

-0 .49  

- 0 . 4 1  

-0 A 5  

-0.  b5 

- 0 . 5 5  

-0 .55  

- 0 . 0 0  

-0.41 

-0 .41  

-0.04 

-0 .31  

-0.40 

- 0 . 2 5  

- 0 .  4" 

-0 .  us 

A-3 1 



T A B L E  A. 1-3 HEAT T R E A T  RUNS ALUMINA/SILICON CARBIDEISILICON SYSTEM ( C o n t ' d .  ) 

F u r n a c e  Weight  S p e c i m e n  P a c k  
R u n  No. S y s t e m  Identif M a t e r i a l  T e m p ,  O F  T i m e ,  Hrs. Change  970 

M160 S i l i c o n i z e d  z - 1 1 ,  12 C a r b o n  fe l t  3200 3 /4 
( C o n t ' d .  ) 
M 162 S i l i c o n i z e d  M 16 1 C a r b o n  f e l t  3 200 3 / 4  

B2, B6, B 7  

M164 

I 

I M 167 

M170 

C a r b o n  felt 3200 3 I 4  

B 11-B 13 

12-14 

B 1 4  

16 

S i l i c o n i z e d  M163 

F l s F 2  

B2s B3  

F59F6 

B5s B6 

' q S F 1 O  

B89 B9 
13s 1 4  

B11,  B12 

F 2 1 -  F 2 2  

B171B18 

S i l i c o n i z e d  M166 C a r b o n  f e l t  3200 3 I 4  

B1, B3, B5 
B 7  

F 1, F 3 ,  F 5 ,  
F 7  

S i l i c o n i z e d  M168 C a r b o n  felt 3200 3 I4 
B 11, B13, B15, 
B 17 

F l l , F 1 3 , F l j  
F 13 

iM 169 

F2-F6  

B2-B8 

- 

19'B21 

-0 .40 

-0 .92  

- 0 . 6 4  

-0.70 

-0.63 

-1.02 

-0 .62  

-. 53 

-. 56 

-. 37 

-. 64 

-. 60 

-. 66 

-. 48 

-. 52 

-. 52 

-. 68 

-. 80 

-. 63 

-. 45 

-. 3 3  

-. 52 

-. 77 

-. 8 1 

A-32 



T A B L E  A. 1-3 HEAT T R E A T  RUNS ALUMINA/SILLCON CARBIDE/SILICON SYSTEM (Con t ' d .  ) 

W e i g h t  S p e c i m e n  P a c k  F u r n a c e  
Identif  Mat  e ri a1 T e m p ,  "F T i m e ,  H r s .  Change  % R u n  No. S y s t e m  

M 170 S i l i con ized  C P P 1 - C P P 3  C a r b o n  f e l t  3200 3 / 4  -. 46 
( C o n t ' d . )  B P P l - B P P 3  -. 49 

M173 S i l i con ized  xi1172 C a r b o n  f e l t  3200 3 t 4  

681 - 6819 -. 36 

B l - B g  -. 32 

W13 

F1-F- 

W I T  

S i l i c o n i z e d  W-10 C a r b o n  f e l t  3200 3 14 

B1'B3 

D1'D3 
P l a t e  

E1'E3 

D1-D3 
( c a p e )  

SO 1-S03 

1 4  

S L 1  

T L  1 

C - 1  

P a n e l  1 . 2  

-. 49 

-. 37 

-. 16 

-. 26  

-. 94  

-. 38 

-. 27 

-. 40 

-. 3 1 

-. 37 

-. 34  

-. 17 

-. 5 5  
F 0 1 - F 0 3  -. 21 

F24-=28  

QI-QZ 

TO -TO9 

1'F3 
FF 1 - F F 3  

FO 1-F09  

1'B3 
B4-B 10 

-. 28 

-. 27 

-. 26 

-. 25 

-. 2 1  

-. 2 5  

-. 43 

-. 34 

B PVZ-BPVS -. 27  

-. 28 



A. 2 FLEXURE TEST DATA 

The fo l l ow ing  t a b l e  summarizes a l l  f lexure  t e s t  data conducted 
on the  d i f f u s i o n  coat ing systems through the  repo r t i ng  per iod.  

TABLE A.2-1 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S I Z E ,  I N .  F,, p s i  x I C ) - ~  
LENGTH W I DTH THICKNESS 

M54- 13 
-1 4 
-15 
-16 
-1 7 
-1 8 

1955- 11 
- 1  2 

M56- 1 5 
-16 

1462- 1 
-7  
-12 
-1 7 
-22 
-27 

M63- 1 
-4 
-7 
-8  
-1 1 
-14 
-3 

-6 

-12 

-1 3 

-1 6 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

3.0 
3.0 
3.0 
3.0 
2.5 
2.5 
3.3 

3.0 

2.5 

2.5 

2.5 

0.747 
0.738 
0.751 
0.752 
0.749 
0.742 

0.754 
0.744 

0.745 
0.740 

0.748 
0.747 
0.750 
3.747 
0.751 
0.751 

3.739 
0.750 
0.741 
0.739 
0.742 
0.742 
0.778 

0.740 

0.741 

0.740 

0.750 

0.186 
0.195 
0.198 
0.191 
0.186 
0.182 

0.189 
0.188 

0.187 
0.190 

0.204 
0.206 
0 :206 
0.210 
0.206 
0.216 

0.119 
0.122 
0.117 
0.116 
0.070 
0.068 
0.115 

0.118 

0.068 

0.070 

0.069 

7.13 
5.64 
7.79 
7.12 
4.21 
6.42 

9.81 
1 2 . 1  

6.08 
8.73 

16.6 
16.8 
13.8 
16.5 
16.2 
13.1 

11.4 
16.7 

13.9 

13.1 
12.7 

A f t e r  5 Pereny Cycles 
15.0 

A f t e r  5 Pereny Cycles 
3.50 

A f t e r  5 Pereny Cycles 
3.30 

A f t e r  5 Pereny Cycles 
6.72 

A f t e r  5 Pereny Cycles 

8.46 

2.47 

A-34  



TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S I Z E ,  I N .  F,, p s i  x 
WIDTH THICKNESS LENGTH - 

M81-1 
-2 
-3 
-7 
-8  
-9 
-1 5 
-16 
-1 7 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

1.007 
1.008 
1.009 
1.007 
1.001 
1.008 
1.010 
1.005 
1.010 

0.174 
0.178 
0.178 
0.175 
0.175 
0.177 
0.178 
0.173 
0.168 

22.6 
20.3 
22.4 
19.1 
18.2 
15.3 
16.6 
17.1 
17.6 

1.015 
1.021 
1.019 

0.157 
0.163 
0.161 

7.50 
6.62 
7.39 

M85- 1 
-2  
-3 

5.0 
5.0 
5.0 

0.155 9.29 

8.57 

7.82 

8.24 

8.34 

6.11 

Heat Treated 3400°F 

Heat Treated 3400°F 

Heat Treated 3400°F 

Heat Treated 3900°F 

Heat Treated 3900°F 

Heat Treated 3900°F 

M86- 1 5.0 0.874 

5.0 0.978 0.157 -2 

0.157 -3 5.0 0.975 

0.971 0.169 -13 5.0 

-14 5.0 0.976 0.165 

0.168 -1 5 5.0 1.001 

7.62 
8.45 

1490-1 
-3  

5.0 
5.0 

1.003 
1.004 

0.155 
0.156 

0.154 
0.151 

8.90 1491 A- 1 
-2 

5.0 
5.0 

0.997 
0.999 7.57 

1.003 
1.009 

0.169 
0.169 

7.45 
6.10 

id91 C-2 
-3 

5.0 
5.0 

1.015 
1.014 

0.187 
0.184 

10.9 
11.7 

M95A- 1 
-2 

5.0 
5.0 

M95B-5 
-6 

5.0 
5.0 

1.008 
1.013 

0.183 
0.186 

11.9 
12.6 

A -3  5 



TABLE A.2-1 (CONT' D. ) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPEC I MEN SIZE,  I N .  F,, p s i  x io- '  
LENGTH WIDTH THICKNESS 

M95C-9 

~ 9 6 - 1 3  

-10 

-14 

M97A-7 
-8  

M97B-11 
-12 

M97C-15 
-1 6 

M100-01 
-02 
-4-1 

-4-2 

-6-1 

-6-2 

-6-3 

-6-4 

-9-1 

-9-3 

-9-2 

-9-4 

-5-1 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

3.5 
3.5 
3.2 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

1.014 
1.014 

1.015 
1.015 

1.014 
1.016 

1.016 
1.016 

1.015 
1.015 

0.472 
0.442 
0.472 

0.508 

0.502 

0.502 

0.502 

0.504 

0.500 

0.501 

0.502 

0.503 

0.504 

A-36 

0.186 
0.192 

0.187 
0.182 

0.177 
0.174 

0.182 
0.186 

0.185 
0.185 

0.165 
0,169 
0.169 

0.174 

0.170 

0.176 

0.177 

0.172 

0.172 

0.176 

0.169 

0.174 

0.168 

13.0 
12.7 

9.92 
9.04 

19.6 
20.1 

19.8 
20.8 

17.7 
18.6 

8.96 
8.45 
8.13 

Heat Treated 3400°F 
5.36 

Heat Treated 3400°F 
6.99 

Heat Treated 3600°F 
6.82 

Heat Treated 3600°F 
4.25 

Heat Treated 3600°F 
Plus 5 Pereny Cycles 

5.33 
Heat Treated 3600°F 

Plus 5 Pereny Cycles 
7.00 

Heat Treated 3900°F 
8.00 

Heat Treated 3900°F 
4.47 

Heat Treated 3900°F 
Plus 5 Pereny Cycles 

3.86 
Heat Treated 3900°F 

Plus 5 Pereny Cycles 
7.67 

Heat Treated 4500°F 



TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

S IZE,  I N .  F,, p s i  x SPECIMEN 
LENGTH W I DTH THICKNESS 

M100-5-2 3.5 0.504 0.165 6.26 

3.5 0.503 0.160 3.26 

0.164 2.61 

Heat Treated 4500°F 

Heat Treated 4500°F 
Plus 5 Pereny Cycles 

Heat Treated 4500°F 
Plus 5 Pereny Cycles 

3.5 0.505 

- 5-3 

- 5-4 

5.0 0.992 0.172 12.0 
5.0 0.970 0.172 11 .o 
5.0 0.890 0.170 8.32 
5.0 0.987 0.180 8.20 

M101-1 
-2 
-3 
-4 

M103- 1 
-2 
-3 
-4 
-5 
-6 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

0.927 
0.926 
0.935 
0.926 
0.925 
0.930 

0.172 
0.182 
0.181 
0.162 
0.167 
0.172 

6.30 
7.08 
5.13 
4.32 
5.38 
7.50 

4.60 
6.48 

4.85 
11.5 

0.707 
0.701 
0.707 
0.708 

0.152 
0.155 
0.155 
0.155 

M105-F2 - F9 
-F18 - F3 

5.0 
5.0 
5.0 
5.0 

A f t e r  5 Pereny Cycles 
4.25 

A f t e r  5 Pereny Cycles 
1 2 - 9  

5.0 0.702 0.155 

0.154 

- F6 

-F17 5.0 0.710 
A f t e r  5 Pereny Cycles 

10.2 0.157 
0.162 
0.157 
0.155 

M106- F16 - F25 - FO9 - F06 

5.0 
5.0 
5.0 
5.0 

0.702 
0.707 
0.712 
0.709 

7.30 
10.1 

5.29 
A f t e r  5 Pereny Cycles 

0.162 8.64 
F i  11 D i r e c t i o n  

18.7 
16.7 
15.2 
19.6 
15.1 

5.0 0.976 M107- 1 

0.149 
0.162 
0.170 
0.149 
0.158 

-2 
-3 
-4  
-5  
-6 

5.0 
5.0 
5.0 
5.0 
5.0 

0.940 
0.943 
0.940 
0.934 
0.974 
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TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S I Z E ,  IN. F,, p s i  x 
LENGTH W I DTH THICKNESS 

M109-1 
-2 
-3 
-4 
-5 
-6 

M112-5 
-6 
-7 
-8 
-9 
-10 

M113-1 
-2 
-3 
-4 
-5 
-6 

M115-1 
-3 
-4 
-5  
-6 
-7 
-8  
-9 
-10 
-1 1 
-12 

M30-1-1 
-1 -2 

M31-I 1-1 
-11-5 

M60- 1 
-7  
-13 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 
5.0 

0.961 
0.938 
0.964 
0.941 
0.958 
0.958 

1 .ooo 
1.004 
1.005 
1.006 
1.005 
0.953 

0.715 
0.712 
0.702 
0.715 
0.713 
0.724 

0.786 
0.788 
0.788 
0.788 
0.789 
0.790 
0.790 
0.780 
0.789 
0.783 
0.790 

0.775 
0.775 

0.772 
0.767 

0.765 
0.748 
0.740 

0.156 
0.159 
0.154 
0.156 
0.158 
0.164 

0.189 
0.190 
0.192 
0.192 
0.190 
0.184 

0.157 
0.156 
0.161 
0.160 
0.160 
0.159 

0.193 
0.194 
0.194 
0.196 
0.192 
0.195 
0.187 
0.190 
0.190 
0.188 
0.192 

0.188 
0.183 

0.182 
0.178 

0.187 
0.185 
0.185 

8.50 
8.70 
8.88 
9.00 
8.75 
6.80 

12.3 
12.1 
11 .o 
12.5 
10.1 
12.0 

8.94 
7.80 
7.41 
8.60 
6.77 
8.60 

8.48 
8.11 
5.57 
5.08 
7.47 
9.63 

13.1 
70.9 
10.1 
11.0 
10.3 

10.0 
9.20 

7.46 
10.3 

4.07 
7.19 
6.36 

A-38 



TABLE A. 2-1 (CONT' D. ) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

S P EC I MEN SIZE,  I N .  F,, psi x IO-3 
U 

W I DTH THICKNESS - LENGTH 

1462-2 5.0 0.750 0.208 14.5 

0.212 
0.212 

10.4 
9.64 

M63-9 - 86 
5.0 
5.0 

0.745 
0.745 

0.21 3 16.4 BARE RPP- ,3 5.0 0.738 

M116-13 
-1 4 
-1 5 
-1 6 
-17 
-1 8 

5.0 
5.0 

0.790 
0.782 
0.790 
0.788 
0.789 
0.790 

0.196 
0.192 
0.196 
0.1 93 
0.192 
0.195 

6.0 
7 .O 
9.1 
7.0 
5.4 
8.1 5.0 

9.7 
8.1 
9.7 

10.0 

M117-1 
-2 
-3 
-4 

5.0 
5.0 
5.0 
5.0 

0.724 
0.716 
0.707 
0.705 

0.160 
0.161 
0.165 
0.167 

M118-1 
-2 
-3 
-4 

0.721 
0.720 
0.723 
0.712 

0.156 
0.1 57 
0.160 
0.160 

11.8 
12.9 
8.1 

11.3 

5.0 
5.0 
5.1) 
5.0 

1.6 
2.3 

M119-G 
-H 

5.0 
5.0 

0.81 5 
0.759 

0.187 
0.186 

M120-1 
-2 

5.r) 
5.0 

0.725 
0.727 

0.158 
0.1 58 

11.6 
9.48 

13.0 
13.2 

M121-5 
-6 

5.0 
5.0 

0.726 
0.730 

0.159 
0.159 

M122-8 
-9 

0.168 
0.164 

10.1 
11 .o 

5.0 
5.0 

0.775 
0.775 

M120-3 5.0 0.728 0.1 55 9.65 

8.34 
F ive  Pereny Cycles 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

11.7 

5.58 

M122-7 5.0 0.780 0.1 50 

M121-8 5.0 0.729 0.1 58 

M122-10 5.0 0.775 0.169 

A-3 9 



TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S IZE,  I N .  F ~ ,  p s i  x 

WIDTH THICKNESS LENGTH - 
M123-8 5.0 0.777 0. 174 11.1 

-1 0 5.0 0.780 0.170 19.9 
Five Pereny Cycles 

-1 1 5.0 0.776 0.169 20.8 

M124-2 5.0 0.730 0.168 19.8 
-3 5.0 0.726 0.1 69 18.8 
-1 5.0 0.739 0.170 16.4 

Five Pereny Cycles 

M125-1 5.0 0.731 0.169 15.3 
-2 5.0 0.740 0.172 14.9 
-4 5.0 0.741 0.169 14.3 

Five Pereny Cycles 

M126-1 
-2 
-3 
-4 
- 5  

5.0 
5.0 
5.0 
5.0 
5.0 

0.729 
0.728 
0.728 
0,721 
0.732 

0.175 
0.175 
0.178 
0.174 
0.174 

14.8 
14.0 
14.5 
15.3 
12.8 

19.0 
F ive  Pereny Cycles 

Five Pereny Cycles 
0.710 0.161 -6 5.0 

* 
M127-M123-9 
Ml27-M125-3 
M127-M126-7 
M127-M126-8 

0.167 
0.171 
0.170 
0.170 

20.6 
11.2 
15.5 
15.3 

5.0 0.781 
0.734 
0.716 
0.714 

5.0 
5.0 
5.0 

M128-1 
-3 
-7 
-8 
-24 
-26 
-5 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

0.727 
0.739 
0.724 
0.724 
0.650 
0.735 
0.737 

0.155 
0.1 52 
0.154 
0.158 
0.1 54 
0.157 
0.1 54 

15.9 
18.2 
15.3 
17.9 
17.6 
17.5 
9.9 

9.5 

10.1 

12.2 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

Five Pereny Cycles 

5.0 0.737 0.1 53 -6 

-25 5.0 0.736 0.157 

- 27 5.0 0.739 0.157 

A -40 



I' TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S IZE,  I N .  F~ p s i  x 
> 

LENGTH WIDTH TH I C KN ESS 

M129-2 5.0 0.714 0.162 13.1 
-3 5.0 0.71 5 0.160 16.6 
-5 5.0 0.745 0.163 11.8 

-6 5.0 0.735 0.164 10.3 
F ive  Pereny Cycles 

F ive  Pereny Cycles 

M130-8 
-7 
-2 

-4 

-18 

-1 9 

-1 

-5 

5.0 
5.0 
5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

0.750 0.158 
0.750 0.1 58 
0.745 0.160 

0.743 0.1 58 

0.749 0.187 

0.751 0.180 

0.746 0.161 

0,744 0.156 

15.0 
16.0 
14.3 

Heat Trea t  
15.5 

Heat Treat 
12.6 

15.2 

11 .o 
Heat Treat and 

12.0 
Heat Trea t  and 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

M132-7 5.0 0.752 0.182 15.1 

-2 5.0 0.743 0.183 12.7 
Heat Treated 3000°F 

Heat Treated 3000°F 

M132-15 5.0 0.751 

M130-20 5.0 0.746 

M130-21 5.0 0.746 

M132- 10 .o 0.750 

0.179 10.9 

0.188 9.0 

Heat Treated 3000°F 
F i ve  Pereny Cycles 

Heat Treated 3000°F 
F ive  Pereny Cycles 

Heat Treated 3000°F 
F ive  Pereny Cycles 

Heat Treated 3000°F 
F ive  Pereny Cycles 

0.184 10.6 

0.185 13.3 

A-41 



TABLE A.2-1 ( C O N T ' D . )  
ROOM TEMPERATURE FLEXURE STRENGTHS 

3 SPECIMEN SIZE, IN. F,, psi X 10- 

LENGTH W I DTH THICKNESS 

M137-9 5.0 0.769 0.183 9.5 

-2 5.0 0.764 0.174 10.0 

Heat Treated and 
Five Pereny Cycles 

Heat Treated .and 
Five Pereny Cycles 

M138-3 
-7 

-4 

-5 

-1 1 

MI 37-8 

M142-4 
M143-I 1 
M143-8 

M142-3 

M142- 5 

M143-9 

M142-2 

M143-10 

5.0 0.762 0.170 20.1 
5.0 0.768 0.181 13.6 

Heat Treated and 
One Pereny Cycle 

Heat Treated and 
Two Pereny Cycles 

Heat Treated and 
Three Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

Heat Treated 

5.0 0.767 0.173 16.9 

5.0 0.764 0.174 11.6 

5.0 0.765 0.184 7.8 

5.0 0.768 0.160 18.2 

5.0 0.763 0.167 18.3 
5.0 0.780 0.171 14.0 
5.0 0.760 0.168 15.4 

Heat Treated and 
One Pereny Cycle 

5.0 0.764 0.169 10.2 

5.0 0.762 0.170 11.1 

5.0 0.777 0.171 10.0 

Heat Treated and 
Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

5. 

5. 

0.773 0.166 15.0 

0.785 0.171 13.6 
Heat Treated 

Heat Treated 

A-42 



TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S I Z E ,  I N .  F ~ ,  p s i  x IO-' 

LENGTH W I DTH THICKNESS 

M150-3 

M149-5 

M149-2 

M138- FO-5 

M130-17 

M136-3 

-4 

M152-2 

M136-1 

-2 

M138-FO-7 

M142-1 

M138-FO-6 

M143-6 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

0.733 

0.732 

0.725 

0.714 

0.744 

0.764 

0.765 

0.755 

.769 

.769 

,717 

.778 

.715 

.777 

A-43 

0.1 57 

0.168 

0.171 

0.178 

0.180 

0.153 

0.160 

0.154 

0.163 

0.158 

0.182 

0.164 

0.182 

.157 

15.5 

13.3 
Heat Treated 

7.6 
Heat Treated and 

F i v e  Pereny Cycles 

11.5 
Heat Treated and 

F ive  Pereny Cycles 

10.1 
Heat Treated and 

F ive  Pereny Cycles 

17.9 
F i v e  Pereny Cycles 

6.0 
Heat Treated 

11.6 

9.0 
Heat Treated 

6.1 
Heat Treated 

10.1 
Heat Treated and 

F ive  Pereny Cycles 

15.5 
F i v e  Pereny Cycles 

9.9 
Heat Treated and 

F ive  Pereny Cycles 

13.4 
Heat Treated and 

F ive  Pereny Cycles 



TABLE A.2-1 ( C O N T ' D . )  
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN SIZE, IN. FB,  psi X 

WIDTH THICKNESS LENGTH - 
M138-FO-4 

M152-1 

M152-M136-1 O 

M156-1 

-2 

-3 

-5 

-7 

M146-13 

M158-1 
-2 

-6 

-5 

-3 

-7 

-4 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 
5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

.723 

.752 

.761 

.732 

.737 

.730 

.707 

.823 

,744 

.725 

.723 

.727 

.720 

.722 

.726 

.729 

A-44 

,174 

.150 

.175 

.163 

.159 

.151 

.164 

,163 

.171 

.161 

.161 

.162 

.160 

.159 

.158 

.160 

9.9 
Heat Treated and 

Five Pereny Cycles 

5.5 
Five Pereny Cycles 

3.9 
Heat Treated and 

Five Pereny Cycles 

13.9 
Heat Treated 

7.3 
Heat Treated and 

Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

6.3 

6.9 

8.3 

11.9 
Heat Treated and 

Five Pereny Cycles 

18.2 
20.6 

Heat Treated 
15.4 

Heat Treated 
19.8 

Heat Treated 
4.5 

Heat Treated and 
Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

Heat Treated and 
Five Pereny Cycles 

7.3 

7.5 



TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

F , p s i  x B SPECIMEN SIZE,  I N .  

LENGTH WIDTH TH I C KN ESS 

Ml21-7 5.0 0.726 

M129-1 5.0 0.725 

M129-4 5.0 0.721 

M125-5 5.0 0.732 

M129-9F 5.0 0.736 

M129-1 OF 5.0 0.734 

M132-4 
-5 
-1 2 
-1 3 
-3 

-6 

-1 1 

-14 

-9 

-1 6 

M133-2 
-5 
-1 

-6 

-8 

-1 1 

5.0 
5.0 
5.0 
5.0 
5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 
5/ 0 
5.0 

5.0 

5.0 

5.0 

0.741 
0.756 
0.752 
0.744 
n. 751 

0.740 

0.740 

0.727 

0.755 

0.748 

0.740 
0.740 
0.722 

0.737 

0.746 

0.746 

0.160 

0.158 

0.163 

0.167 

0.158 

0.156 

0.175 
0.184 
0.175 
0.175 
0.185 

0.185 

0.180 

0.185 

0.179 

0.175 

0.170 
0.172 
0.163 

0.161 

0.167 

0.164 

11 .0 
Heat Treated 

13.5 
Heat Treated 

12.5 
Heat Treated 

11.5 
Heat Treated and 

F ive  Pereny Cycles 
8.7 

Heat Treated and 
F ive  Pereny Cycles 

8.4 
Heat Treated and 

F ive  Pereny Cycles 

15.5 
13.6 
17.4 
14.9 
13.9 

F ive  Pereny Cycles 
13.2 

F ive  Pereny Cycles 
16.6 

F ive  Pereny Cycles 
12.7 

F ive  Pereny Cycles 
15.1 

Heat Treated 
13.9 

Heat Treated 

15.7 
17.7 
16.7 

F ive  Pereny Cycles 
20.3 

F ive  Pereny Cycles 
15.2 

Heat Treated 
18.4 

Heat Treated 

A-45 

. .  



. .. 

TABLE A .  2-1 (CQNT ' D . ) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

' .  SPECIMEN S IZE,  I N .  F ~ ,  p s i  x 
LENGTH WIDTH THICKNESS 

M133-7 5.0 0.745 0.1 59 14.0 
Heat Treated and 

F ive  Pereny Cycles 

Heat Treated and 
F ive  Pereny Cycles 

-1 2 5.0 0.748 0.163 10.2 

M132-1 5.0 0.745 . 0.171 13.0 

M132-8 5.0 0.745 0.172 12.0 

Heat Treated and 
F ive  Pereny Cycles 

Heat Treated and 
F ive  Pereny Cycles 

M136-8 5.0 0.745 0.171 13.8 

M136-7 5.0 0.770 0.171 13.1 

M137-6 5.0 0.766 0.176 16.8 
-1 0 5.0 0.765 0.176 15.9 

-1 2 5.0 0.768 0.180 13.8 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

Heat Treated 

Heat Treated and 
F ive  Pereny Cycles 

M130-12 5.0 0.752 0.165 18.1 

-1 3 5.0 0.758 0.165 17.8 
Heat Treated 3000OF 

Heat Treated 3O0O0F 

Wl -4 5.0 0,688 0.166 18.4 

W.5- 1 5.0 0.787 0.158 24.6 

W2-8 5.0 0.755 n.163 12.9 
-9 5.0 0.733 0.165 12.0 

-1 4 5.0 0.740 0.162 16.8 
F i ve  Pereny Cycles 

W.1-3 5.0 0.771 0.158 14.5 
F ive  Pereny Cycles 
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TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPEC I MEN S I Z E ,  I N .  F ~ ,  p s i  x 
LENGTH W I DTH TH I C  KNESS 

W3-2 5.0 0.774 

-7 5.0 0.765 . 

0.169 8.4 

0.167 10.6 
F ive  Pereny Cycles 

F ive  Pereny Cycles 

w7-4 5.0 0.757 
-2 5.0 0.755 

w6-4 5.0 0.760 

0.1 59 
0.160 

16.8 
12.8 

0.1 57 16.7 

w3-5 5.0 0.785 0.168 12.7 
Sermetal Treated 

W5-2 5.0 0.789 .160 17.9 
F ive  Pereny Cycles 

w3-4 5.0 0.766 .164 13.8 
Sermetal Treated and 

F ive  Pereny Cycles 

W8-3 
-7 
-1 

5.0 
5.0 
5.0 

.730 

.725 

.729 

.162 

.162 

.160 

16.6 
16.8 
10.0 

15.8 

10.7 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

F ive  Pereny Cycles 

-2 5.0 ,730 .162 

-4 5 .O .730 .161 

W7-1 

-3 

-1 0 

5.0 

5.0 

5.0 

.750 

.755 

.750 

.163 

.157 

.170 

8.4 

14.2 

14.9 

F i v e  Pereny Cycles 

F ive  Pereny Cycles 

Sermetal Treated and 
F ive  Pereny Cycles 

W-1 

-5 

-3 

5.0 

5.0 

5.0 

.720 

.725 

.722 

.161 

.165 

.161 

12.6 

10.5 

7.3 
Heat Trea t  and 

Heat Trea t  

Heat Trea t  

F ive  Pereny Cycles 
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TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

-3 SPECIMEN S IZE,  I N .  FB, p s i  X 10 

LENGTH WIDTH THICKNESS 

5.0 .724 .163 5.5 W9-6 
Heat Trea t  and 

F ive  Pereny Cycl es 

M161-8 5.0 .725 .157 4.7 
Heat Trea t  and 

F ive  Pereny Cycles 

Heat T rea t  and 
F i ve  Pereny Cycles 

Heat T rea t  and 
F i v e  Pereny Cycles 

-9 5.0 .726 .159 4.2 

-1 3 5.0 .721 .157 3.9 

-4 5.0 .720 .160 3.2 
Heat Trea t  and 

F i v e  Pereny Cycles 

Heat T rea t  and 
F ive  Pereny Cycles 

-1 6 5.0 728 .159 3.9 

M163-1 

-3 

-5 

-7 

-9 

-1 1 

-1 3 

-1 5 

-1 7 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

.687 

.690 

.688 

.689 

.685 

.680 

.681 

.685 

,684 

.155 

.154 

.153 

.155 

.154 

.156 

.155 

.153 

.154 

7.5 
Heat T rea t  and 

F ive  Pereny Cycles 

F i ve  Pereny Cycles 

Heat T rea t  and 

14.5 

7.6 

F ive  Pereny Cycles 
13.7 

F ive  Pereny Cycles 

Heat T rea t  and 
F i ve  Pereny Cycles 

F ive  Pereny Cycl es 

Heat Trea t  and 
F i ve  Pereny Cycles 

F i ve  Pereny Cycles 

Heat T rea t  and 
F i ve  Pereny Cycles 

7.1 

13.3 

4.8 

17.2 

5.3 
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TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPEC I MEN S I Z E ,  I N .  F ~ ,  p s i  x IO-' 

LENGTH WIDTH THICKNESS 

14.7 

4.4 
F i ve  Pereny Cycles 

Heat T rea t  and 
F i ve  Pereny Cycles 

F i ve  Pereny Cycles 
15.2 

M163-19 5.0 .695 

.674 

.156 

.756 -21 5.0 

-23 5.0 .757 .687 

M163-2 .690 .155 17.0 
Heat T rea t  

18.5 
18.1 

Heat Trea t  
14.0 
17.7 

Heat Trea t  
16.1 
15.1 

Heat T rea t  
15.8 
14.5 

Heat Trea t  
15.0 
14.5 

Heat T rea t  
17.8 

5.0 

-4 
-6 

5.0 
5.0 

.697 

.687 
.156 
.154 

-8 
-1 0 

5.0 
5.0 

.683 
,686 

.156 

.153 

-1 2 
-1 4 

5.0 
5.0 

.691 

.683 
.157 
,154 

-1 6 
-18 

5.0 
5.0 

.687 

.684 
.155 
.154 

-20 
-22 

5.0 
5.0 

.688 

.687 
.157 
.157 

-24 5.0 ,699 ,154 

M165-6 5.0 .702 .156 10.9 
F i ve  Pereny Cycles 

15.0 
Heat T rea t  

18.4 
19.4 

Heat Trea t  
15.6 

M I  66-1 5.0 .748 .160 

.755 
,755 

.154 

.160 
-2  
-5 

5.0 
5.0 

-6 5.0 .740 .161 

.156 

.154 

.155 

.155 

16.4 
19.0 
15.1 
13.5 

F ive  Pereny Cycles 

s2-1 
-2 
-7 
-1 0 

5.0 
5.0 

.731 
,719 

5.0 
5.0 

.720 

.715 

S3-1 5.0 .690 .152 14.4 
F i ve  Pereny Cycles 
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TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

S IZE,  I N .  F ~ ,  p s i  x SPECIMEN 

WIDTH TH I C KNESS - LENGTH - 
S4- 1 5.0 .698 .158 11.4 

F ive  Pereny Cycles 

T1-1 5.0 .695 .156 19.5 
F ive  Pereny Cycles 

18.5 
3.0 

Heat T rea t  and 
F ive  Pereny Cycles 

16.3 
Heat Trea t  

13.1 
20 Cycles 

12.9 
40 Cycles 

Radiant Heat Lamp 
10.0 

60 Cycles 
Radiant Heat Lamp 

7.8 
413 Cycles 

Radiant Heat Lamp 
15.0 

20 Cycles 
Radiant Heat Lamp 

Radiant Heat Lamp 

,158 
,158 

5.0 
5.0 

.712 

.716 
w10-9 

-1 2 

.157 

.154 

5.0 .714 

.711 5.0 

.711 .155 5.0 

5.0 

W1 O-F25 

.150 ,711 WlO-F26 

.159 .718 w10-1 

-2 

5.0 

,152 .721 5.0 

16.0 

Radiant Heat Lamp 
16.2 

Radiant Heat Lamp 
16.6 

Radiant Heat Lamp 

2 Cycl es 

2 Cycles 

2 Cycles 

,165 .745 M I  33-3 

-1 0 

M130-16 

5.0 

.167 .742 5.0 

.159 5.0 .756 

7.2 
Heat Trea t  

8.0 

.159 

.155 

5.0 

5.0 

.751 

.747 

M168-11 

-1 4 
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TABLE A.2-1 (CONT'D.) 
ROOM TEMPERATURE FLEXURE STRENGTHS 

SPECIMEN S I Z E ,  I N .  F ~ ,  p s i  x 
LENGTH W I DTH THICKNESS 

M169-1 
-6 

NO-1 1-1 

-1 1-3 

-1 1-5 

-1 1-7 

-1 1-9 

-1 1-1 1 

-11-13 

-11-15 

-11-17 

-11-19 

W10-68-1 

-68-3 

-68-5 

-68-7 

-68-9 

-68-1 1 

-68-1 3 
-68-1 5 

-68-1 7 

c68-19 

5.0 
5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 
5.0 

5.0 

5.0 

.722 

.738 

.757 

.762 

.762 

.764 

.763 

.760 

.759 

.762 

.764 

.762 

.759 

.764 

.765 

.753 

.753 

.751 

.752 

,752 

,750 

A-5 1 

.160 

.161 

.206 

.206 

.206 

.203 

.201 

.202 

.203 

.202 

.203 

,201 

.257 

-256 

.260 

.268 

.270 

.275 

.278 

.285 

.290 

13.4 
12.9 

Heat T rea t  

15.1 
Heat T rea t  (NDT) 

14.9 
Heat Trea t  (NDT) 

12.9 
Heat Trea t  (NDT) 

15.0 
Heat Trea t  (NDT) 

12.6 
Heat Trea t  (NDT) 

16.4 
Heat Trea t  (NDT) 

13.5 
Heat Trea t  (NDT) 

13.3 
Heat T rea t  (NDT) 

12.7 
Heat T rea t  (NDT) 

13.1 
Heat Trea t  (NDT) 

10.7 
Heat Trea t  (NDT) 

17.8 
Heat Trea t  (NDT) 

9.3 
Heat Trea t  (NDT) 

22.5 
Heat T rea t  (NDT) 

23.2 
Heat Trea t  (NDT) 

21.6 
Heat Trea t  (NDT) 

No Tes t  
22.2 

Heat Trea t  (NDT) 
23.5 

Heat T rea t  (NDT) 
21.5 

Heat T rea t  (NDT) 



A.  3 PLASMA ARC DATA 

COLD WALL STAG STAG T I M  
I 

TEST S?ECIMEN 
MOLOER two MEATfLUX E M M A 1  MESS. OURATION 
TYPE NO mociss NO W J / F l * S E C  STU/LI  011 StCONOS 

I 

The f o l l o w i n g  t a b l e  summarizes a l l  plasma a rc  t e s t  data conducted 
on t h e  d i f f u s i o n  coated systems o f  s i l i c o n ,  boron.s i l icon,  and zirconium. 
boron.s i l i con  types. 
hafnium.tantalum coat ing system are included. 

I n  add i t i on  plasma t e s t  data f o r  t he  me l t  impregnat ion 

TABLE A.3-1 
SUMMARY, PLASMA ARC TEST DATA 

TMlCl TRUE 
t SURF 

comrnoi MASS 
D(CIYEN 1 0 s  L os 
TEW'F GRAM IN r T€W Of 

1 B-S i  M54-7 130 8000 .4  300 3430 ,0445 - 0  
1 B - S i  M54-11 130 8000 .4  300 3430 .0418 .0005 
1 
1 
1 
2 
1 
1 
2 
3 
1 
1 
1 

2 
2 
2 

3 
3 
3 

1 
1 
1 
2 
2 
2 
1 
1 
1 
1 
1 
1 

B-S i  
B-Si  
B - S i  
B -S i  
BS 
BS 
BS 
BS 
BS 
BS 
BS w i t h  
A1 203 
BS 
BS 
BS w i th  
A1 203 
BS 
BS 
BS w i t h  
A1 203 
BS 
BS . 
2 BS 
BS 
BS 
ZBS 
Z BS 
BS 
BS 
BS 
BS 
BS w i t h  
Cr 

M54-4 
M55-3 
M55-6 
M55-3 
M56-2 
M56-11 
M56- 2 
M56-2 
M57-2 
M57-6 
M57- 10 

M57-2 
M57-6 
M57-10 

1457-2 
M57-6 
M57-10 

M58-6 
M58- 14 
M58-26 
M58-6 
M58-14 
M58-26 
1461 -36 
M61-32 
M61-26 
M62-4 
M62-9 
M62-13 

1 ZBS M62-29 
1 ZBS M62 - 39 
1 ZBS 146 2 - 4 1 
1 BS M62-43 

130 8000 .4  300 3430 
130 8000 .4  300 3540 .0324 .O 
130 8000 .4  300 3540 .0015 
130 800 .4 300 3540 ,0895 .0015 
130 7310 .4  300 3360 .0069 ,001 
130 7310 .4 300 3360 .01 .0005 
130 7310 .4 300 3360 .0077 .O 
130 7310 .4  300 3360 .0134 ,0005 
130 7350 .4  300 3320 .0140 .001 
130 7350 .4 300 3320 .0003 .002 
130 7350 .4 300 3320 .0100 .001 

130 7350 .4  300 3270 ,031 .002 
130 7350 .4 300 3270 .0117 .001 
130 7350 .4  300 3270 .0042 ,001 

130 7350 .4  300 3270 ,0779 .O 
130 7350 .4 300 3270 .0075 .O 
130 7350 .4  300 3270 .0121 .001 

130 6500 .4  300 3270 .0112 ,0035 
130 6500 .4 300 3270 .0155 .0025 
130 6500 .4 300 3270 .0561 .002 
70 4320 .36 300 2740 .O .o 
70 4320 .36 300 2740 .O .o 
70 4320 .36 300 2740 .O .0005 

130 6500 . 4  300 3270 .072 
130 6500 .4 300 3270 ,002 
130 6500 .4  300 3270 -. 0005 
130 6500 .4 300 3250 .0025 
130 6500 .4  300 3250 .0005 
130 6500 .4  300 3250 .003 

1 ZBS M62-23 130 6500 .4  300 3250 .008 
30 6500 .4  300 3250 .0015 
30 6500 .4 300 3250 .0005 
30 6500 .4  300 3250 .0015 
30 6500 .4 300 3250 .005 
30 6500 . 4  300 3250 .0005 Stag 1 ZBS M62 

M60-6 

3440 
2 890 
2 890 
3020 

.00491 2890 
3050 

.0135 2980 

.0008 2790 

.000116 2800 
,000894 2830 
,00156 2850 
.00162 2740 
.0000348 2730 
.00116 2700 

.0036 2800 
,00136 2700 
.000488 2710 

,00904 2770 
.00087 2730 
.001405 2760 

2690 
2 700 
2830 
2300 
2300 
2300 
331 0 
2980 
3080 
2700 
261 0 
2850 

2900 
2 830 
2640 
2 800 
2750 
2730 
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Stag 

Stag 

1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 

r 

1 
1 

1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
3 
3 
3 
2 

1 
1 
1 
1 
2 
1 

1 
2 
2 
3 
3 
1 
1 
1 
1 

2 BS 

BS w i th  
Cr 
BS 
BS 
ZBS 
Z BS 
BS 
BS 
Z BS 
BS 
BS 

M62 
M60- 1 8 
M62-14 

M63-2 1 
M63-27 
M63-36 
1463-61 
M63-63 
M6 3 - 6 6 
M63-83 
1463 - 2 9 
M63-40 

2 BS M63-50 
S i  1 icon- M65-A 
i zed 

II 

I I  

I I  

M65-F 
IY65-H 
M65-I 

HfTa HT-27 
HfTa HT- 29 
HfT a HT-31 
HfTa H i -  38 
S i  1 icon- M65-24 
i zed 
H f T  a HT- 2 7 
HfTa HT-29 
HfTa HT- 31 
HfTa HT-38 
HfTa HT-27 
HfTa HT-29 
HfTa HT- 38 
S i  1 icon- M65-24 
ized 

II 

II 

II 

M79-10 
N79-11 
M71-6 

HfTa HT- 1 5 
HfTa HT- 1 5 

130 

130 

130 
130 
130 
130 
130 
130 
130 
130 
130 
30 
30 

6500 

6500 

6500 
6500 
6500 
6500 
6500 
6500 
6500 
6500 
6 500 
6500 
6500 

.4 300 

.4 300 

.4 300 

.4 300 

.4 300 

.4  300 

.4 300 

.4 300 

.4 300 

.4 300 

.4 300 

.4 300 

.4 300 

30 6500 .4 300 
30 6500 .4 300 
30 6500 .4 300 

61 70 300 
61 70 300 
61 70 300 
61 70 300 
61 70 300 

3250 .005 

3253 .003 

3430 ,002 
3430 .o 
3430 .0005 
3430 .o 
3400 .0005 
3400 .OOl 
3400 ,0005 
3530 .1106 .001 
3530 .0531 .002 
3530 .6636 .0765 
3530 .a124 .001 

3530 
3530 
3530 
341 0 
341 0 
341 0 
341 0 
341 0 

.0111 .001 

.1257 .003 

.0193 .0025 
-. 0035 - .003 -. 005 -. 008 

.0061 .0005 .000707 

61 70 
61 70 
61 70 
61 70 
61 70 
61 70 
61 70 
61 70 

10500 
10500 
10500 
10500 
10500 

S i l i c o n -  M86-10 131 6200 
i zed 

II 

II 
M53-5 129 6200 
M86-10 132 6200 

II 

II 

I I  

II 

II 

I I  

II 

M53-5 132 6200 
M86-10 129 6200 
M53-5 132 6200 
M85B-3 127 6500 
M85B-9 127 6500 
M85B-6 131 7150 
M85B-12 130 6500 

300 
300 
300 
300 
300 
300 
300 
300 

300 
300 
300 
300 
300 

.4 300 

.4  300 

.4  300 

.4 300 

.4 300 

.4 300 

.4 300 

.4 300 

.4  300 

.4 300 

341 0 - .002 
341 0 - .002 
341 0 - .0057 
341 0 .003 
341 0 -.001 
341 0 - .004 
341 0 
3410 .0022 .0005 .000255 

3650 .0569 .0067 
3650 .0744 .0078 
3650 ,0342 .005 
3650 -. 0065 
361 0 
3360 .0068 .004 .000789 

3360 .0031 .0005 .00036 
3360 .0097 .0015 .001125 
3360 .0077 .O .000893 
3360 .0053 .001 .000615 
3360 .0063 .0005 .00073 
3480 .0124 .0011 .00152 
3480 .0025 .0005 .000305 
3480 .0157 .001 .00212 
3480 .0069 .O .000845 

2640 

2 840 

2950 
2750 
2580 
2640 
2750 
2 750 
2770 
3260 
2830 
3380 
2830 

2830 
32 50 
2840 
361 0 
3600 
3690 
3650 
2830 

3690 
3650 
3770 
3770 
3760 
3770 
3650 
2680 

2990 
2920 
2 840 
381 0 
3800 
2950 

2690 
2 900 
2790 
2790 
2780 
281 0 
2800 
2970 
2860 
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COLD WALL STAG STAG TIME comrnoi us T M l C I  
I 

TEST Y(CIME* 
MOLOER EYPO MEAT FLUY EYTMAL PRESS OURATION YECIMEN LOSS LOO1 
TY?E YO P R O C I I I  YO ITUlFTzSEC B T U I L I  PSlA SECOYOS T E Y I ' f  GRAMS IY 

I 
1 

I S tag  1 

Stag 1 
Wedge 1 
Wedge 1 
Stag 

1 1  

TRUE 
3 SURF 
T TEM? OF 

S 
W 

9 

1 
2 
2 
2 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 

ge 4 
Stag 3 
Stag 3 
Stag 1 
Wedge 4 
Wedge 2 
Stag 2 

2 
1 2  

Stag 3 
Wedge 4 
Wedge 4 
Stag 2 

S i l i c o n -  M85B-15 127 6500 .4 300 3480 .0094 .001 .000115 2875 
i zed 

I I  

I I  

I I  

I1 

I I  

II 

I 1  

II 

I I  

I I  

II 

11 

I 1  

I1 

11 

I1 

I I  

I1 

I I  

I1 

II 

II 

II 

I1 

II 

II 

I1 

I 1  

II 

11 

II 

I1 

I 1  

I 1  

I 1  

I 1  

II 

I I  

I I  

II 

II 

I1  

I1 

I1 

I 1  

I 1  

II 

I I  

I1 

I I  

M88-8 
M81-19 
M88-2 
M81-19 
M85B- 8 

M85B-18 126 6500 .4 300 3480 
M86-11 60 4440 .36 1800 -- 
1486-9 - 4440 .36 900 -- 
M86-8 - 4060 .36 1800 -- 
M85-7 128 6140 .4 300 3560 
M85B-3 132 6140 .4 300 3560 
M85B-9 130 6140 .4 300 3560 
M85B-6 130 6140 .4 300 3560 
M85B-3 132 6140 .4  300 3560 
M85B-9 130 6140 .4 300 3560 
M85B-6 130 6140 .4 300 3560 
M82-13 132 6140 .4 300 3560 
M82-19 130 6140 .4  300 3560 
M82-25 130 6140 .4 300 3560 
M82-29 130 6140 .4 300 3560 
M82-33 130 6140 .4 300 3560 
M81-19 132 6140 .4 300 3430 
M81-25 130 6140 .4 300 3430 
M81-30 130.5 6140 . 4  300 3430 
M88-15 130.5 6140 .4 300 3430 
M88-18 130 6140 .4 300 3430 
M88-20 130 6140 .4 300 3430 
M88-21 130 6140 .4 300 3430 
M88-2 130 6140 .4 300 3440 
M88-4 130 6140 .4 300 3440 
M88-6 130 6140 .4 300 3440 
M88-8 130 6140 .4 300 3440 
M88-10 130 6140 .4 300 3440 
M88-12 130 6140 .4 300 3440 
M85B-8 132 5000 .4 300 3540 
M88B-5 130 5000 .4 300 3540 
M85B-2 132 5000 .4 300 3540 
M85-11 120 6140 .4 300 3540 
M88-4 130 7900 .4 300 3570 
M88-6 130 7900 .4 300 3570 
M85B-9 23 4250 .36 900 2170 
M88-4 130 7900 .4 300 3570 
M88-6 130 7900 .4 300 3570 
1485-10 130 7900 .4 300 3570 
M88-6 23 4250 .36 900 2170 
M85-10 23 4250 .36 900 2170 
M88-2 130 7900 .4 300 3570 
M88-8 130 7900 .4 300 3570 
1481-19 130 7900 .4 300 3570 
M88-2 130 7900 .4 300 3570 

30 7900 .4 300 3570 
30 7900 .4 300 3570 
23 4250 .36 900 2170 
23 4250 .36 900 2170 
40 7250 .4  300 3650 

.0075 
,0134 
,0048 
.0131 
.0118 
.011 
,0045 
.0084 
,0118 
.0055 . 01 08 
.0285 
,0086 
.0129 
.0091 
.0021 
.0154 
.0166 
.0128 
.0092 
.0097 . 01 47 
.0095 
.0095 
,0077 
,0057 
.0083 
.0104 
.0082 
.0062 
.0114 
.0156 
.0034 
.0174 
,0126 
,0003 
.0204 
.0269 . 01 53 . 001 6 
.0015 
.0212 
.0104 
.032 
.0163 
,0225 
,031 4 
.0012 . 001 7 
.0194 

.002 

.o 

.o 

.o 

.0011 

.0005 

.0008 

.o 

.003 

.0007 
. O O l  
.002 
.0013 
. O O l  
.0012 
. 0001 
.0015 
.001 
,001 8 
.0012 . 001 
.0012 
. O O l  1 
.0013 . 001 2 
. 001 8 
.0012 
.0012 
.0008 
.0012 
.0006 
. O O l  
.0007 
.0008 
.0008 
.0005 
.0017 
.0015 
,001 2 
.0002 
.0003 
. O O l  
. 001 2 
,0025 
.001 
.0016 
.0013 
,0001 
.o 
.0012 

.000916 

.000402 

.00075 

.000938 

.001272 

.000521 

.000972 . 001 362 

.000636 

.001250 

,001 78 
.00192 
.00148 

,001 096 
.000890 
,000658 
,000959 
.00120 
.000948 
.000585 
.001075 . 001 47 
.000392 
.00257 
.00187 
,000045 
.00302 
.00398 
.00227 

.000225 

.00314 . 001 54 

.00242 
,00333 

.000181 
,000256 
.00245 

2 900 
2220 
1820 
1710 
2950 
2850 
2880 
2860 
2865 
2900 
2850 
2930 
2930 
2960 
2930 
2955 
2830 

2850 
2 890 
291 0 
2890 
2 890 
2885 
2 890 
281 0 
2820 
2820 
2765 
2830 
2850 
2875 
2850 
2950 
2890 
1840 
2970 
2950 
2960 
1810 
1770 
2930 
2880 
2950 
2930 
3000 
291 0 
1720 
1800 
2970 

2890 
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1 

2 
2 
2 
2 
2 

2 
2 
2 
3 
3 
3 
3 
3 

3 
3 
3 
2 

2 
2 
1 
1 
1 
1 
1 
1 

1 

S t a g  3 
Wedge 5 
Wedge 3 
Wedge 5 
Wedge 5 
Stag 4 
Wedge 5 
Stag 6 

Stag 6 
Wedge 2 
Stag 1 

6 
1 
1 
1 
1 
1 

Stag 1 
1 1 

S i l i c o n -  M85B-8 150 7400 .4 300 3830 .0244 .0021 .00293 3050 
i zed 

I 1  

11 

I 1  

II 

I1 

I 1  

11 

11 

II 

I 1  

11 

II 

I 1  

11 

11 

I 1  

I 1  

I 1  

I 1  

I 1  

II 

I1 

I1  

II 

II 

I1  

I1 

II 

II 

I 1  

I1 

I1  

11 

11 

II 

11 

I 1  

I 1  

II 

11 

I f  

11 

I 1  

I1 

II 

I1 

I1  

II 

II 

II 

M85B-2 150 7400 
M85B-5 150 7400 
M90-6 130 7900 
M91A-10 130 7900 
M91C-10 130 7900 
M92-10 130 7900 
M92-13 130 7900 

M91B-10 
M93B-10 130 7900 
M93A-10 130 7900 
M85-8 22 4440 
M88-4 22 4440 
M91A-10 130 7000 
M91C-10 130 7000 
M92-10 130 7000 
M92-13 130 7000 
M93- 130 7000 
M91B-10 
M93B-10 130 7000 
M93A-10 130 7000 
M90-6 130 7000 
M91A-10 130 7000 
M91C-10 130 7000 
M92-10 130 7000 
M92-13 130 7000 

M91B-10 
M93B-10 130 7000 
M93A-10 130 7000 
M90-6 130 7000 
M85-7 60 4620 
M85-7 60 4620 
M88-4 22 4620 
M85-10 22 4620 
M88-6 22 4670 
M853-9 22 4675 
M85-7 72 4675 

M85B-9 90 5050 
M88-4 90 5050 
M85-10 90 5050 
M88-6 90 5050 
M85-8 48 10000 
M95A-18 130 6000 
1485-7 90 6000 
M95B-24 90 6000 
M95A-16 90 6000 
M95C-30 90 6000 
M96B-24 90 6000 
M97-4 130 6400 
t.197-22 130 6400 
M97-28 130 6400 

M93 130 7900 

M93 130 7000 

M85-7 40 7000 

.4 300 3830 Coating burn t h r u  

.4  300 3830 .0315 .0024 ,00378 

.4 300 3570 .0142 .0009 .0021 

.4 300 3570 .0101 .0011 .0015 

.4 300 3570 ,0230 .0015 .00341 

.4 300 3570 .0062 .0004 ,00092 

.4 300 3570 .0114 .0011 .00169 

.4 300 3570 -.0564 .0015 

.4 300 3570 .0206 .0015 .00306 

.4  300 3570 -.034 ,001 

.36 900 2130 -.0021 .0001 .00035 

.36 900 2130 .0005 .0001 

.4 300 3510 .0107 .0004 ,00141 

.4 300 3510 .0101 ,001 33 

.4 300 3510 .0116 .0004 .00153 

.4 300 3510 .0071 -.0008 .000934 

.4 300 3510 .0903 ,0001 

.4 300 3510 .0184 .001 .00242 

.4 300 3510 . lo75 .0019 

.4 300 3510 ,0124 .COO2 .00164 

.4 300 3510 .0112 .001 .001472 

.4 300 3510 .0174 .0013 .00228 

.4 300 3510 .0101 .0013 .00133 

.4  300 3510 .0058 .0017 .000762 

.4 300 3510 .0168 .0017 .00220 

3820 
31 10 
2875 
2860 
291 0 
2 860 
291 0 
2875 

2900 
2880 
1870 
1810 
2880 
2930 
2970 
2 830 
2955 

2920 
2950 
2865 
2945 
291 5 
2970 
2875 
2990 

.4 300 3510 ,0211 .(I016 .00278 2900 

.4 300 3510 .0407 .0026 .00535 2975 

.4  300 3510 .0096 .0008 .00126 2905 

.36 300 -- -.0010 .o 2500 

.36 300 -- -.0007 .O 2450 

.36 900 .2130 .(I004 .0008 .0000697 1835 

.36 900 2130 .0015 .0004 .000264 1945 

.36 900 2130 ,0002 .0003 .0000351 1945 

.36 900 2130 .0006 .O .000105 1925 

.36 900 -- -.0029 .0002 2440 

.40 300 2590 ,0009 .0004 .000384 2250 

.39 300 3240 .0041 .0006 .000561 2730 

.39 300 3240 .0058 .O .000795 2500 

.39 300 3240 .0007 ,00001 .0000958 2650 

.39 300 3240 .0018 ,0005 .000246 2645 

.44 300 2760 -.002 .O 251 0 

.4 900 3520 .0205 ,0014 .00077 2800 

.39 300 3220 .0008 .O ,00013 2670 

.39 900 3220 ,0057 .0007 ,000309 2690 

.39 900 3220 .0024 .0013 .00013 2575 

.39 900 3220 .0246 .001335 2540 

.39 900 3220 .0005 .0051 .0000271 2540 

.4 300 3480 Specimen burned up 3420 

.4 600 3480 Specimen melted 2980 

.4 600 3480 2890 
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COLO WALL STAG STAG TIME CONTROL MAS rnica I 
TEST WLCIMfN 

IIOLOER f X l O  ItEATFLUX ENTIIAL m f S .  DURATION WfCIMfN L D t t  LOP 
1 V E  NO MOCfU NO 8TUlFlZSEC I T U / L I  0 1 1  SECONDS 1EW.f GRAMS IN 

I 

Stag 1 

m u €  
4 SURF 
T TEMP *F 

J i  
Stag 1 

1 
2 
2 
2 
2 
2 1 2 

2;aje 
Wedge 1 
Wedge 1 
Wedge 1 
Wedge 1 
Stag 1 

1 

Stag I 1  2 

Wedge 1 
1 

! 

WE 

1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
3 
3 
3 
3 
4 
4 
4 

ge 4 

S i l i c o n -  M100-12 130 
i zed 

II 

II 

II 

II 

I I  

II 

I 1  

II 

I I  

I I  

I t  

II 

II 

I I  

II 

I I  

II 

II 

I1 

II 

II 

II 

II 

II 

11 

II 

II 

II 

II 

II 

I 1  

II 

II 

II 

I I  

II 

II 

II 

II 

II 

II 

I1 

I1 

II 

II 

II 

II 

II 

II 

II 

6400 .4 900 3460 .0188 .0022 .000753 2850 

M100-13 130 6400 .4  900 3460 .0210 ,002 
M100-24 130 6400 .4 900 3460 .0072 .0018 
M100-24 130 6400 .4 600 3460 .0139 -0026 
14100-31 130 6400 .4 900 3460 .0159 .0023 
M85-8 86.9 3750 .46 600 3280 .0594 -003 
M101-5 130 6500 .4  900 3540 .056 
M101-10 130 6500 .4  600 3540 ,0604 -0065 
M100-12 130 6500 .4  300 3540 ,0279 -0026 
M100-13 130 6500 .4 300 3540 .0538 .0054 
M700-24 130 6500 .4  300 3540 .0243 .0028 
M100-25 130 6500 .4 300 3540 .0289 .OO2 
M100-31 130 6500 .4 300 3540 .0232 .0038 
M101-5 130 6500 .4 300 3540 .0254 .003 
14101-10 130 6500 .4 300 3540 .0194 .0093 
M100-8 28 4770 .36 900 2310 .0004 .0001 
M100-15 28 4770 .36 900 2310 -.0005 .0001 
M100-20 28 4770 .36 900 2310 -.0018 .OOO1 
M100-27 28 4770 .36 900 2310 .0004 .O 
M100-33 28 4770 .36 900 2310 .0012 .O 
M103-12 130 7700 .4 900 3535 .OS22 -0062 
M103-20 130 7700 .4 900 3535 .0433 .0056 
M103-16 130 7700 .4 900 3535 .0757 ,0075 
M103-12 130 7700 .4  300 3535 .0299 .0058 
M103-20 130 7700 .4  300 3535 .0339 .0032 
M103-16 130 7700 .4  300 3535 ,0302 ,0025 
M103-9 28 4770 .36 900 2315 -.0022 -.0001 
M103-13 28 4770 .36 900 2315 -.0016 .0012 
M103-17 28 4770 .36 900 2315 -.0021 .0001 
M101-7 28 4770 .36 900 2315 -.0007 .0003 
M101-12 28 4770 .36 900 2315 -.0021 -.OO11 
M101-12 28 4770 .36 900 2315 -.0021 -.0011 
M103-9 28 4770 .36 900 2315 .0005 .OOO1 
14103-13 28 4770 .36 900 2315 .0001 -.0008 
M103-17 28 4770 .36 900 2315 .O .0002 
M100-8 28 4770 .36 900 2315 .0007 .0001 
M100-15 28 4770 .36 900 2315 .0011 .O 
M100-20 28 4770 .36 900 2315 .0001 .0001 
M100-27 28 4770 .36 900 2315 .0006 $0003 
M100-33 28 4770 .36 900 2315 -.0005 .O 
M101-7 28 4770 .36 900 2315 -.0001 -0001 
M101-12 28 4770 .36 900 2315 .0001 .O 
M85-8 83.7 13750 .46 300 3250 ,0094 .0005 
M103-1383.7 13750 .46 300 3250 .0159 .O 
M103-1783.7 13750 .46 300 3250 .0169 .0008 
M100-2083.7 13750 .46 300 3250 .0189 .0026 
Ml00-3383.7 13750 .46 300 3250 .0192 ,002 
M103-1383.7 13750 .46 300 3250 .0181 .0025 
M103-1783.7 13750 .46 300 3250 .0306 .0001 
M100-2083.7 13750 .46 300 3250 .0568 .0052 
M100-3383.7 13750 .46 300 3250 .0373 .0028 

.00084 2795 
,000288 2790 
.000556 2805 
.000637 2850 
.0115 2860 
-00228 2940 
.00245 2955 
.0034 2970 
.00777 3050 
.00296 2955 
.00417 2965 
.00335 2960 
.0031 2960 
.00236 2975 
.0000555 1820 

1810 
1885 
1795 
1870 

.0030 2860 

.00209 2855 
,00366 2965 
.00432 2860 
.0049 2930 
.00436 2955 

1800 
1800 
1850 
1845 
1850 
1850 

.0000693 1840 

.000013851835 

.o 1830 

.000097 1795 
,000152 1840 
.000013851825 
.0000831 181 5 

1805 
1850 
1815 

.00377 2770 

.00636 2680 

.00676 2730 

.00746 2730 

.00768 2730 
,00724 2710 
.01225 2790 
.0227 2925 
.01492 2850 
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I 

I 
I COLD WALL STAG STAG IIM CONTllOL MAS I Y I C I  

I 
101 SnCIUTN worn m a  WfATFLUK €NlMAL CRfS OURATION SPECIMEN LOSS L O U  

WE NO W O C t S  NO DTUIFT~SfC ITU/L I  n l A  SECONOS TEYI'F 011AUS 111 

, 1 

Stag 

TRUE 
t SURF 
k IEWW 

1 

1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

1 

1 

1 

1 

2 

3 

1 

1 
1 
1 
1 
1 
1 
4 
2 
2 
2 
1 
1 
1 
2 
2 
2 
3 

Stag 3 

S i l i c o n -  M106 130 7500 .4 300 3480 Coating burned up 3480 
i zed 

I 1  

II 

II 

II 

I 1  

II 

I 1  

11 

I1 

I1 

I 1  

I 1  

I 1  

I1 

II 

I1  

I I  

I1 

I 1  

I 1  

I 1  

I f  

I1 

I 1  

I 1  

II 

I I  

I 1  

II 

H f T  an 
II 

I 1  

II 

I 1  

I 1  

I 1  

I1 

20E 
LE 20-24 
M105 130 7500 .4 240 3480 
208 
LE 26-7 
M107-8 130 7500 .4 900 3620 
M107-10 130 7500 .4  900 3620 
t4109-9 130 7500 .4 900 3620 
M109-8 130 7500 .4 900 3620 
M105 130 7500 .4 900 3620 
208 
M109-11 130 7500 .4 900 3620 
M107-12 130 7500 .4 900 3620 
M108-33 130 7500 .4 900 3620 
M108-32 130 7500 .4  900 3620 
M108-31 130 7500 .4 300 3620 
M105- 130 7500 .4 900 3700 
20C-14 
M106 130 7500 .4 900 3700 
20E 
M106- 130 7500 .4 900 3700 
20D 
M106- 130 7500 .4 900 3700 
20E 
M105- 130 7500 .4 900 3700 
20A 
M108- 130 6750 .4 300 3550 
33 
M108- 130 6750 .4 300 3540 
33 
M105 130 6750 .4 900 3540 
-2oc-15 
M112-1 130 6740 .4 300 3540 
M112-2 130 6750 . 4  300 3540 
M112-4 130 6750 .4 300 3540 
M112-12 130 6750 .4 300 3540 
M112-15 130 6750 .4 300 3540 
Ml12-18 130 6750 .4 300 3540 
M108-33 130 6750 .4 300 3540 
M112-2 130 6750 .4 300 3540 
M112-12 130 6750 . 4  300 3540 
M112-18 130 6750 .4 300 3540 
HT-84 130 7300 .4 600 3620 
HT-81 130 7300 .4 600 3620 
HT-82 130 7300 .4 600 3620 
HT-84 130 7300 .4 600 3620 
HT-81 130 7300 .4 600 3620 
HT-82 130 7300 .4 600 3620 
HT-81 130 7300 .4 600 3620 
HT-82 130 7300 .4 600 3620 

w i t h i n ~ l  min 

11 

.0765 ,006 .00358 

.0528 .0063 .00248 

.0560 .0049 .00263 

.0347 .0023 .00163 
,0989 .0077 .00464 

,0578 .004 .00271 
.288 .0117 .00604 
.0058 .0027 .000272 
.0314 .0029 .00147 
Burned th ru  
Burned t h r u  

.0674 ,004 .00316 

,0641 .009 .0030 

,0455 .0038 .00214 

.0421 .O .00197 

.0096 .0001 .00135 

.0027 .0019 ,000342 

.0702 .0065 .00296 

,0242 .0016 .00306 
,0039 .0007 .000494 
.0080 .0009 .001012 
.0043 .O .000545 
,0075 .0009 .00095 
.0020 .001 .000253 
.0146 .0009 ,00185 
.0102 .0009 ,00129 
.0020 .0007 .000253 
.0142 .0007 .00180 

Coating f l a k e d  o f f  

3420 

2965 
2945 
2975 
2955 
3000 

301 0 
3040 
2890 
2975 
2995 
3040 

2955 

2880 

2955 

2890 

2870 

2880 

291 0 

3020 
2850 
2945 
2890 
2925 
2870 
2965 
2955 
2850 
3020 
3920 
341 0 
3940 
3980 
3960 
41 00 
381 0 
41 90 
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COLD WALL STAG STAG TIME comTnoL ma THICK 
I 

TEST W C I M E N  
H o L m  LXIO HEATFLUX tNTHAL Mf% DURATION SPECIMEN LOSS LOSS 
T V l C  NO mocfss NO BTUIFTzSfC l T U I L 8  PSI* SfCONOS TEW'F GRAMS IN 

I Stag 2 S i l i c o n -  M112-1 130 7300 .4 300 3620 .0428 .0038 .00588 3110 

TRUE 
t SURF 
h T f  M? *F 
- 

stag 3 

I Wedge 5 

Wedge 3 
Wedge 4 
Wedge 4 

Stag 1 
1 
1 
1 
1 
1 
1 
1 

I 

1 

i 

1 

1 

2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
7 
2 
1 

i zed 
II 

I I  

II 

II 

II 

II 

II 

I 1  

II 

I I  

II 

I I  

II 

I1 

II 

II 

I 1  

II 

II 

II 

I I  

II 

II 

II 

II 

II 

I1  

11 

II 

II 

I I  

II 

I 1  

I 1  

II 

II 

tI 

II 

I1 

II 

II 

II 

I I  

II 

II 

II 

II 

I f  

M1 
M1 
M1 
M1 
M1 
M1 
M1 
M1 
M1 

M112-2 130 7300 .4  300 3620 .0068 
M112-4 130 7300 .4 300 3620 .0244 
M112-12 130 7300 .4  300 3620 .0070 
M112-15 130 7300 .4  300 3620 .0263 
19112-18 130 7300 .4 300 3620 .0096 
14112-2 28 5250 .36 900 2310 .0005 
M112-12 28 5250 .36 900 23'10 .0008 
M112-2 28 5250 .36 900 2310 .O 
M112-12 28 5250 .36 900 2310 .0007 
M113-2 130 7300 .4  300 3590 ,0219 
M113-4 130 7300 .4  300 3590 .0220 
M113-5 130 7300 .4 300 3590 ,0130 
M113-10 130 7300 .4 300 3590 .0221 
M113-11 130 7300 .4  300 3590 .!I287 
M115-38 130 7300 .4  300 3590 .0223 
M115-78 130 7300 .4  300 3590 .0208 
M115- 130 7300 .4  600 3590 -0140 
118 
M115- 130 7300 .4 600 3590 .0137 
158 
M115- 130 7300 .4 600 3590 ,0120 
19B 
M115- 130 7300 .4 600 3590 .0254 
2 3B 
M113-2 130 7300 .4  300 3590 .0135 
M113-4 130 7300 .4  600 3590 .0244 
M113-5 130 7300 .4 600 3590 ,0142 
F11113-10 130 7300 .4 600 3590 .0279 
M113-11 130 7300 .4  600 3590 .0200 
M116-1 130 6850 . 4  600 3510 .0238 

6-6 130 6850 .4 600 3510 -0347 
6-26 130 6850 .4 600 3510 .0424 

.0012 

.0034 

.0003 

.002 

. O O O l  

.0002 

.0002 

.0002 

.0031 

.0023 

.0022 

.0015 . 001 6 

.0018 

.0024 . 001 2 

.0015 

. 001 8 

.0024 

.0023 

.0030 

. O O l O  

.0045 

.0009 
.0032 
.0031 
,0039 

.000934 2980 
,00335 3G60 
,000962 2970 
,00361 3100 
,00132 3030 
.0000693 1790 
.000111 1830 

1890 
.000097 1910 
.00301 2990 
.00302 2980 
.001786 2940 
.00304 3110 
.00394 3110 
.00307 3120 
.00286 3110 
.000961 2870 

.000941 2960 

.000825 2910 

.00176 2980 

.001854 2920 

.00168 2930 

.000975 2840 

.00192 2890 

.00137 2880 

.00153 2940 

.00224 2960 

.00273 2980 
6-9 130 6850 .4 600 3510 .0196 .0038 .00126 2910 
7-7 130 6850 .4 600 3510 ,0506 .0022 .00326 2910 
7-11 130 6850 .4 600 3510 .0296 .0043 .00190 2940 
8-9 130 6850 .4 600 3510 .0454 .0055 .On292 2960 

06-2 
Ml21-1 
M122-1 
Ml23-2 
M123-5 
M123-3 
M123-3 
M123-2 
M123-5 

8-12 130 6850 .4 600 3510 ,0371 .0043 . o o m  2910 
9-3 130 7400 .4 600 3570 .0122 .0008 .000795 2870 

30 7400 .4 600 3520 .no12 .0003 .0000773 2680 
30 7400 .4 600 3520 .0133 .0033 .000857 2830 

M1 
M1 
M1 

24 
24 

30 7400 .4 600 3520 .0206 .0027 .00134 2840 
30 7400 .4 600 3670 .0212 ,0020 .00147 2840 
30 7400 .4 600 3670 ,0228 ,0029 .001585 2850 
30 7400 .4 300 3670 .0154 . O O l O  ,00214 2850 Specime 
30 7400 .4 300 3670 
30 7400 .4 600 3670 
30 7400 .4 600 3670 

-11 130 7400 .4 600 3670 
-.-11 130 7400 .4 600 3670 
24-13 130 7400 .4 600 3670 

M124-13 130 7400 .4 600 3670 
M125-6 130 7400 .4 600 3620 

.0418 - 

.0129 . 01 38 - ,0049 
.0137 
.0263 
.0240 
,0245 

- ,0085 .00590 
. O O l  1 .000896 
.0015 .000959 
,001 3 - 
.0021 .000952 
.0027 .00183 
.0016 .00167 
.0021 .00170 

2820 had hol 
2870 d r i l l e d  
2870 t h rough  
2730 coat ing  
2820 
2860 
2880 
2840 

A-58 



C D I T M L  u T l W K  0 
T 

EMOWALL STM. nu. 1- 
I 

nehiiiux tnlwi. IMI wlu1101 mcwn im Lm 
nm m-n 

in m o w n  EXW. 
1vm I*. moem w aiwfiasec awnm ma scone8 TEYY s n u  

1 
2 
1 
2 
3 
1 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
4 
4 
1 
2 
3 
1 
2 
3 
1 
2 

Stag 3 
Wedge 4 
Wedge 4 
Stag 1 

2 
3 
1 
1 
1 

Stag 1 
Wedge 2 
Stag 1 
Wedge 2 
Wedge 5 
Wedge 5 
Stag 1 

1 
1 
1 
1 

Stag 1 
Wedge 2 

TnYI 
OUT 
, T E V  w 

i zed 
I1 

I 1  

11 

I 1  

I 1  

I1 

II 

I1 

I1 

II 

II 

I1  

11 

ti 

I 1  

I1 

I1 

I1  

I1 

I1 

I t  

11 

I1 

I1  

I1  

I1  

I t  

I 1  

I1 

I1  

I t  

11 

II 

I1 

11 

11 

I 1  

I 1  

II 

I 1  

I1 

I1  

I1  

I1  

I 1  

I1  

I1  

I t  

I 1  

I1  

I 1  

I 

M125-10 130 

M126-23 130 
M126-23 730 
M126-23 100 
M126-21 130 
M126-21 100 
M126-18 130 
14126-18 130 
M126-18 100 
M126-15 130 
M126-15 130 
M126-15 100 
M126-14 130 
M126-14 130 
M126-14 100 
M126-11 130 
M126-11 130 
M126-11 100 
M126-11 100 
M126-23 100 
M127-17 130 
Ml27-17 100 
M127-17 100 
M127-85 130 
M127-85 100 
M127-85 100 
M127-7 130 
M127-7 100 
Y127-7 100 

~ i 2 5 - i n  130 

M137-7 
M126-21 
M127-12 
Ml27-12 
M127-12 
M129-12 
M129-16 
M130-41 
M130-42 
M130-42 
M130-30 
M130-30 
M127-7 
M126-11 
M130-31 
M131-1 

00 
30 
30 
30 
30 
62 
30 
62 
62 
62 
30 

7400 
7400 
7400 
7450 
6360 
7400 
6360 
7400 
7450 
6360 
7400 
7450 
6360 
7400 
7450 
6360 
7400 
7450 
6360 
6450 
6450 
6500 
6450 
64 50 
6500 
6450 
6450 
6500 
6540 
6450 

.4 

.4 

.4 

.4 

.39 

.4 

.39 

.4 

.4 

.39 

.4 

.4 

.39 

.4 

.4 

.39 

.4 

.4 

.39 

.39 

.39 

.4 

.39 

.39 

.4 

.39 

.39 

.4 

.39 

.39 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 

3620 
3620 
3620 
3 580 
3390 
3620 
3390 
3620 
3580 
3390 
3620 
3580 
3390 
3620 
3580 
3390 
3620 
3580 
3390 
3390 
3390 
3640 
3390 
2290 
3640 
3390 
3390 
3640 
3390 
3390 

.0168 .0026 

.0322 .0026 

.0252 .0021 

.0375 .0@46 

.0025 .0009 

.0212 .0017 
,0031 .0010 
.0285 ,0031 
.0584 .0057 
.0056 .0019 
.r)143 .0035 
.0451 .0046 
.008 .0017 
.0272 .0029 
.0411 .0042 
.0036 .0007 
.0177 .0019 
.0674 .0051 
.0056 .0013 
.0082 .0002 
.0045 .O019 
.0327 .0024 
.0004 .0003 
.0049 ,0003 
.0119 .0040 
.0000 -.0002 
.0011 .0002 
.0196 .0018 
,0002 .0003 
.0002 .0005 

,00117 2820 
.00224 2880 
.00175 2830 
.00263 2920 
.000194 2660 
.00147 2830 
.000241 2650 
.00198 2810 
.00408 2930 
.000435 2650 
.000994 2780 
.00316 2895 
.000622 2700 
.00189 2830 
.00288 2910 
.00280 2620 
.00123 2790 
,00471 2950 
,000435 2610 
.000646 2600 
.000354 2640 
.0020 2930 
.00003 1 5 2690 
.000385 2700 
.000726 2900 

0 2690 
.0000867 2660 
.Oc)120 2900 
.0000158 2650 
.0000158 2565 

6450 
6500 
6500 
6400 
6500 
9400 
6500 
9400 
9400 
9400 
6500 

.39 600 

.4 600 

.4 600 

.4 600 

.4 600 

.44 300 

.4 600 

.44 300 

.44 300 

.44 240 

.4 600 

3390 
3640 
3640 
3640 
3640 
2960 
3640 
2960 
2960 
2960 
3640 

.0040 

.0404 
,021 9 
,0128 
.fl281 
.0033 
.0603 
.0008 
.0002 . 0000 
.0230 

.oooo 

.0039 

.0020 

.0020 

.0003 

.0042 . 0000 . 0002 
,0001 
.0016 

- 

.000315 

.00247 

.O0134 

.000782 

.00172 

.001225 

.00368 

.000296 

.000074 
0 

.001405 

97 15100 .46 270 3390 .0202 .0004 ,00855 2980 
97 15100 .46 240 3390 .0508 .0027 .0242 2940 
30 6500 .4  600 3640 .0187 -0020 ,00114 2890 
00 6450 .39 600 3390 ,0008 .0002 .0000630 2650 

2670 
2850 
2830 
2720 
2870 
2525 
2930 
251 5 

30 6360 .4 600 3610 .0132 .0073 .00079 
M131-2 130 6360 .4 600 3610 .0151 .0011 .000904 
M131-4 130 6360 .4 600 3610 .0134 .0076 .000802 
M131-5 131) 6950 .4 600 3610 .0188 .0024 .00123 
M131-3 130 6360 .4 600 3610 .0060 .OD08 .000359 
M131-3 71 10000 .44 300 3080 -.0004 .0005 - 
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2620 
2380 
2800 
2840 
2850 
291 0 
2950 
2860 
2525 



Stag 1 

1 
1 
1 
1 

Stag 1 
Wedge 2 
Stag 1 
Wedge 2 
Stag 1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
4 

Stag 5 
Wedge 6 
Wedge 7 
Stag 1 
Stag 2 
Stag 3 
Stag 4 
Stag 1 
Stag 2 
Stag 3 
Stag 4 
Stag 5 
Wedge 6 
Wedge 7 
Stag 1 
Stag 2 
Wedge 3 
Wedge 4 
Stag 1 

2 
3 
4 

Stag 5 
Wedge 6 
Wedge 7 

S i l i c o n -  M131-6 130 6950 .4  600 3610 .0193 .I3032 .00126 2950 
i zed 

II 

II 

II 

11 

II 

I1 

I I  

II 

II 

II 

II 

II 

II 

II 

II 

I t  

I 1  

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

I1 

II 

II 

II 

II 

II 

I1 

II 

I I  

I I  

II 

I I  

II 

II 

II 

II 

I1 

II 

tI 

II 

I1 

II 

II 

II 

M131-7 130 
M131-9 130 
M131-10 130 
M131-11 130 
M131-8 130 
M131-8 71 
M131-12 130 
M131-12 71 
M89-3 130 
M89-5 130 
M89-7 130 
M89-10 130 
Ml32-B6 130 

Ml32-23 130 
M133-BZ 130 

M132B15 130 

M133B15 130 
M133816 130 
M132-22 130 
M132B17 130 
M132-85 130 
M133-14 130 
M132-87 130 
M132-87 130 
M132-87 130 
M132-87 100 
M132-B7 100 
M132-67 63 
M132-87 63 
M133-B5 130 
M133-85 130 
M133-B5 130 
M133-85 100 
M132B12 130 
M132812 130 
M13281.2 130 
M132B12 100 
M132B12 100 
M132-812 63 
M132-812 63 
M133-84 00 
M133-84 00 
M133-B4 63 
M133-84 63 
M133-18 30 
M133-18 30 
M133-18 130 
M133-18 100 
M133-18 100 

6950 .4 600 
6950 .4 600 
6900 .4 600 
6900 .4 600 
6950 .4 600 
10000 .44 300 
6900 .4 600 
10000 .44 300 
6900 .4 600 
6900 .4 600 
6900 .4 300 
6900 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
5000 .39 600 
5000 .39 600 
10000 .44 300 
10000 .44 300 
6130 .4 600 
6130 .4 600 
6130 .4 600 
5000 .39 600 
6130 .4 600 
6130 .4 600 
6130 .4 600 
5000 .39 600 
5000 .39 600 
10000 .44 300 
10000 .44 300 
5000 .39 600 
5000 .39 600 
10000 .44 300 
10000 .44 300 
6130 .4 600 
6130 .4 600 
6130 .4 600 
5000 .39 600 
5000 .39 600 

3610 .0204 ,0013 
3610 .0243 .0028 
3740 .0193 .0023 
3740 .0259 ,0037 
3610 .0152 .0021 
3080 .0019 .0001 
3740 .0121 .0015 

3740 .0863 .0066 
3740 .1527 .0151 
3740 .0903 .0082 
3740 .1323 .0119 
3590 ,0507 .005 
3590 .0317 .0029 
3620 .0321 .(I023 
3620 .0572 .0053 
3620 . lo10 .0025 
3620 .0290 .0054 
3620 .0213 .0020 
3620 .0186 ,0008 
3620 .0202 .0012 
3620 .0553. .0017 
3590 .0343 .0022 
3620 .0538 .0045 
3620 .0687 ,0069 
3390 ,0129 .0018 
3390 .0101 -.(lo19 
2980 .0037 .0025 
2980 .0056 -.0056 
3620 .0610 .0067 
3620 .0441 .0046 
3620 .0499 .0069 
3390 .0523 .0019 
3620 .0252 .0022 
3620 .0184 .0017 
3620 .0144 ,0014 

3390 .On11 .0002 
2980 .0020 ,0005 
2980 .0019 .0001 
3390 ,0109 ,0016 
3390 .0075 ,0006 
2980 .0026 .OOOO 
2980 .0024 .0009 
3620 .0207 ,0008 
3620 .0210 .0026 
3620 .0179 .0010 
3390 .0046 .0000 
3390 ..027 .0004 

3080 -.0005 -.0003 

3390 -.0009 .0004 

.001335 

.00159 

.00125 

.00168 

.000994 

.O006 54 

.000785 

.0056 
,0099 
.01172 
.00858 
.00292 
.00183 
.@0185 
.00330 
.00581 . 001 67 
.00123 . 001 07 
.00116 
.00318 
.00198 
,0031 0 
.00396 
,000786 
.000616 
.00143 
.00216 
.00351 
.002 54 
.00288 
.00319 
.00145 
.00106 
.00083 

,0000671 
.000774 
.00073 5 
.000665 
.000458 
. O O l  0 
.00093 
.00119 
.00121 
.00103 
,00028 
.000165 

- 

- 

2950 
3000 
29 50 
2960 
2950 
2700 
2930 
2570 
3020 
291 0 
3050 
2900 
2970 
291 0 
291 0 
2890 
2970 
2870 
2930 
2870 
2950 
2930 
2890 
2940 
2950 
2650 
2690 
2600 
2590 
2950 
2920 
2860 
291 0 
2970 
2980 
2950 
2690 
2770 
2630 
2590 
2690 
2670 
2650 
2670 
2930 
2970 
2950 
2780 
271 0 

Coatin 
borned 
throug 

M133-18 63 10000 .44 300 2980 .0008 .0004 .00031 
M133-18 63 10000 .44 300 2980 .0106 .OOOO - 
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L I I  nrr r r m m  
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I I I k I 
Staq 1 S i l i c o n -  M136-12 130 7250 .4 600 3570 .0220 .0034 .0015 2850 

2 
1 
1 
1 
1 

1 

1 

1 

2 

3 

2 
1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

3 

Stag 4 

Stag 1 

2 

3 

4 

5 
Stag 6 

II 

I t  

I t  

II 

II 

II 

I f  

I 1  

I1  

I1 

II 

t I  

II 

II 

11 

I 1  

t I  

II 

II 

11 

I t  

I 1  

II 

It 

II 

II 

H 

II 

I 8  

~ 

-. . . i t e d  

~ 

M136-12 130 
M136-6 130 
M136-8 130 
M137-86 130 
M135- 
M132-B9 130 
M135-Ml32 
-B19 130 
M135- 
M130-32 130 
M138- 
B13 130 
M138- 
81 3 130 
M138- 
B13 130 
M137-B6 130 
M139- 
M137-3 130 
M139- 
M137-3 130 
M139- 
M137-11 130 
M139 
M137-11 
M139- 
M138-20 
M139- 
M138-20 
M139- 
M138-21 
M139- 
M138-21 
M141- 
M137-7 
M141- 
M137-7 
M141- 
Ml37-7 
M141- 

725r) .4 600 3570 
7250 .4  600 3570 
7250 .4 600 3570 
7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 3610 
7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 3610 

7130 .4 600 36.0 

. c1243 

.0409 

.0226 

.0487 

,0182 

.0212 

.0469 

.0287 

.0289 

.0321 

.0614 

.0206 

.0170 

.0267 

.r)025 

.0030 

.0015 

.0050 

.0028 

.0022 

- 
.0036 

.0035 

.0044 

.0050 

.0008 

.OOl  1 

.0008 

.00166 

.00280 

.00154 

.00326 

.00122 

.Of31 42 

.OO314 

.00193 

. 001 94 

.00216 

.00411 

. 007 38 

.00114 

.00179 

30 7130 .4 600 3610 .0154 .0020 .00103 

30 7130 .4 600 3610 .0216 .0042 .00145 

30 7130 .4 600 3610 .0301 .0061 ,00202 

30 7130 .4 600 3610 .0502 .0026 ,00336 

30 7130 .4  600 3610 .OS45 .0004 .00366 

30 7130 .4 600 3610 .0267 .0031 .00179 

30 7130 .4 600 3610 .0252 ,0024 .00169 

30 7130 .4 600 3610 .0224 .0026 .00150 

M137-7 130 7130 .4 
M141- 
M138-22 130 7130 .4 
M141- 
M138-22 130 7130 .4 
M141- 
Ml38-22 730 7130 .4 
M14i - 
M138-22 130 7130 .4 
M30,H4 130 7130 .4 
M30 , 
1-18 130 7130 .4 

2860 
2840 
281 0 
2880 

2850 

287 0 

2960 

2900 

2860 

2890 
2890 

2850 

2870 

2880 

2890 

281 0 

2840 

2830 

2850 

291 0 

2950 

2960 

600 3610 .0227 .0014 .00152 2990 

600 3610 ,0252 .ooia .ooi68 2950 

600 3610 .0130 .0006 .000872 2970 

600 3610 .0232 .0031 ,00156 2990 

600 3610 .0158 .0003 ,00106 2940 
600 3610 .0232 ,0035 .00156 2950 

600 3610 .0100 .0006 .00067 2920 
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I 
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WLWR E M .  
I T R  I*. Mlll w L d w c  #TU&# mm m c m r  1 e - q  9- 

I I 

I 1 
2 
1 
1 

I 1 
1 

1 

Stag 1 

Stag 1 

1 

Stag 1 

1 

1 
1 

1 

1 

I(cKI 
L I  
II 

1 

1 

1 

Stag 1 
2 
3 
4 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 

i zed 
II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

I1 

II 

II 

II 

II 

II 

H f  -Ta 
Hf-Ta 
Hf-Ta 
H f  -Ta 
H f  -Ta 
H f  -Ta 
H f  -Ta 
Hf-Ta 
H f  -Ta 
H f  -Ta 
H f  -Ta 
H f  -Ta 
H f  -Ta 
H f  -Ta 

M151-21 130 7140 .4 600 3600 -0265 - 
M149-B5 130 7140 .4 600 3640 .0337 -0044 

M158-25 130 8390 .4 600 3640 .0415 .0038 
M158-1 
HT M159 130 8390 .4 600 3640 .0270 .0020 
M158-31 
HT MI59 130 8390 .4 600 3640 .0289 .0030 
M158-33 
HT M159 130 8390 .4 600 3640 .0472 .0035 
W9-6/ 
M160 130 8390 .4 600 3630 .0438 .0046 
w9-1/ 
M16@ 130 8390 .4 600 3630 ,0445 .0044 
w9-2/ 
~ 1 6 0  130 8390 .4 600 3630 . o m  . o m  
M163-2 
M164WT 130 8390 .4 600 3630 .0187 .0020 
M136-17 130 8390 .4 600 3630 -0419 -0032 
M163-14 
M164HT 130 8390 .4 600 3630 .0271 .0031 
M163-11 
M164HT 130 8390 .4 600 3630 .0356 .(I024 
M163-5 
M164HT 130 8390 .4 600 3630 .0313 .0028 
s1-9 
M164HT 130 8390 .4 600 3630 .0561 .0055 
s1-9 
M164-8 130 8390 .4 600 3630 .0358 .0053 
M163-5 
M164HT 130 8390 .4 600. 3630 .0261 .0020 
HT-89 130 7400 .4 600 3600 
HT-89 130 7400 .4 600 3600 
HT-89 130 7400 .4  600 3600 
HT-87 130 7400 .4 600 3600 
HT-90 130 6500 .4 300 3380 
HT-90 130 6500 .4 300 3380 
HT-90 130 650n .4 300 3380 
HT-90 130 6500 .4 300 3380 
HT-90 130 6500 .4 300 3380 
HT-93 130 7130 .4 300 3610 
HT-93 130 7130 .4 300 3610 
HT-93 130 7130 .4 300 3610 
HT-93 130 7130 .4  300 3610 
HT-93 130 7130 .4 300 3610 

M151-21 130 7140 .4 600 3600 - .0035 

M149810 130 7140 .4 600 3640 .0282 .no39 

-.0010 - .0055 - .0021 - .0006 - .0036 -. 0054 

.00178 

.(I0226 
,001 89 
.00328 

.00213 

.00228 

.00372 

.00346 

.003 52 

.00279 

.00148 

.0@331 

.00214 

.00282 

.00247 

.00443 

.00283 

.00206 

- 2940 
2960 
3009 
2980 
2870 

291 0 

2890 

2950 

2950 

2950 

29 50 

2940 
2950 

2950 

2950 

2950 

2950 

2950 

2950 
31 00 
3980 
3980 
4080 
3370 
3890 
401 0 
4030 
4080 
31 95 
3420 
3400 
3430 
3450 
371 0 I Stag 6 Hf-Ta HT-93 130 7130 .4 300 3610 
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A. 4 P E R E N Y  FURNACE TEST DATA 

The following table summarizes  the tes t  data obtained on 
diffusion coated systems in Phase  XI after exposure to "x" cycles in  a 
Pereny furnace operating at one atmosphere conditions. 
ducted by placing the specimens into the preheated furnace (nominally 
maintained a t  2300°F unless otherwise noted) fo r  10 minutes, withdrawing 
and allowing 10 minutes to cool ( to  approximately 1000°F), then reinserting 
into the furnace. 
data is obtained af ter  the 1st  and 5th cycles. 
for  6 and 10 cycles as noted. 

The tes t  is con- 

Heat and cool phases constitute one cycle. Normally, 
Some specimens w e r e  tested 
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TABLE A. 4-1 

WEIGHT CHANGE DURXNG THERMAL CYCLE AT 2300°F 
(When 6th Cycles are l isted it is  at 2500'F o r  2600'F) 

70 Weight Change Sample Run 
No. 1st 5 th 6 th 10th Size 

M54-1 
2 
5 
6 
9 

10 
13 
14 
15 
16 
17 
18 

M55-1 
4 
8 

11 

-2.2 
-2.1 
-1.7 
-1.6 
-2.4 
-1. 8 
-1.3 
-1.1 
-1.1 
- . 2 8  

-5.5 
- - 8  
- . 7  
-2.9 
-2.0 

- 

M56-1 - . 7  
6 -6. 3 

10 t 5 . 1  
15 - - 8  
17 t . 0 8  
20 t 1 . 2  
24 -5.5 
28 -4. 8 

- 1570 -27.1 
-28. 8 

-7.5 -13.2 
-14.2 

-17.5 -30.3 
-23 
-17.5 
-2 1 
-16.3 
-14.6 
-19.9 
-27.0 

- 3.9 
-21.8 
-14.0 

- 6.3 
- 7.4 
t . 1  
- 7. 6 
-28.0 
-18.8 
-19 .1  
-26.6 

M57-17 -1.2 -16.0 
21  -1.2 -17.0 
25 -1.4 -17.9 

M58-3 
7 

11 
15 
19 
22 

- 7.6 -9.2 
- 1.7  -2.0 
- 6.7 -7.9 
- 2.2 -2.5 
- 8.0 -9.6 
-18.5 -22.0 

3 /4" dia. 

1 x 5" 

3 /411 dia. 

1 x 5" 

3 /411 dia. 

3/4" x 5 
3 /411 dia. 

3 /4" dia. 

3 /411 dia. 
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. .  
TABLE A..4-1 (Cont'd. ) 

7' Weight Change Sample Run 
No. 1 s t  5 th  6th 10th Size 

M58-3 1 -19.2 -22.8 

M59-36 t 5.3 t 5.6 
32 t 6 . 1  t 6 . 8  
27 t21 .7  

M60- 3 - . 4  - 2.0 - 2.2 
9 - . 8  - 4.3 - 4 . 8  

15 - 1.7 -12.9 -15.4 

M61- 1 t 5.2 
3 t 3 .3  

13 t 5 . 6 '  
15 t 9.5 
25 t 2.0 
27 t 4.3 

5 t 1 0 . 1  
23 t 8.9 
29 t . 2  

7 t 4.4 
9 t14 .3  

11 t 4.0 
17 t 5.4 
19 + 9.9  
2 1  + 6 .8  
31 t 3 .1  
33 t 2 .2  
35 t 4.2 

M62- 4 t 6.9 
9 t 5 . 8  

13 t 9.6 
19 t 1.3 
23 t 6.3 

29 t 4.3 
32 t 4 .4  
35 t11 .7  
37 t 6.2 
39 t11 .0  

24 t . 6  

t 7.6 t 6.7 
t 5.0 t 4.5 
t 6.7 t 5.3 
t11 .4  t10. 1 
t 2.7 t 2.2 
t 5.7 t 5 .1  
t12 .4  t10.6 
4-10.8 t 9.7 
t 8.0 t 7.3 
t 1.9 t . 6  
t 13 .8  t10 .5  
t 3.9 t 4.4 
t 4 .8  t 2.7 
t11 .7  t 9.5 
t 6 . 4  + 4.7 
t 3.5 t 3.0 
t 2.2 + 1.4 
t 5.4 t 4.4 

t10. 3 
t 8.0 
t15.0 
t . 2  
t 9.9 
t . 6  
t 5.8 
t 5.4 
t17 .5  
t 8. 8 

10. 8 

t10. 5 
t 8.2 
t14.5 
t . 7  
t 9.5 
t . 8  
t 5.3 
t 4 . 8  
t17 .0  
t 8.3 
t15 .6  

3/4" dia. 

3 / 4'' dia. 

3 /4'' dia. 

3 /4" dia. 
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TABLE A. 4-1 (Cont'd) 

Run 70 .Weight Change Sample 
No. 1st 5 th 6 th 10th Size 

M62 -41 
43 

M60-6 
12 

M63-10 
87 
72 
63 
66 
17 
60 
21 
51 
27 
31 
26 

M71- 4 
5 

M72-HA 
2-18 

M74- 1 
3 
4 
7 
8 
9 

M81-20 
23  
27 

M82- 8 
10 
15 
16 

t 5.6 t 7.3 t 7.5 
t 8.5 t11.5 t11.6 

t . 5  - .1  - . 4  
- 8.6 -12.7 -12.2 

t 7.9 
t 3.0 
t 2.6 
t 7.0 
t 1.7 

- .1  
t12 .4  
t 0.5 
t 2.4  
- . 2  
t 1.3 

t . a  

- 6. 0 
- 5 . 8  

t 4.5 
t 4.5 
t 5.6 
t l l .  6 
t 2.3 
t . 4  
- 1.6 
t18.5 
- 1.3 
t 2.9 
- . 9  
t .06 

t . 9  t . 7  

t .06 - 7.2 
t . 0 8  - 2.1  
t . 3  - 1.8 
t . 3  - 1.4 
t . 0 3  - 2.8 
t .2  - 1.6 

t 1.3 t . 3  
t . 9  - 1.6 
t . 8  - 6.9 

t . 0 3  - 1.2 
t .02 - 1.5 
t .01  - 2.4 
t .02 - 1.7 

3 / 4" dia. 

1 x 5" 

3/4" dia. 

3 / 4" dia. 

2" x 2" 

2" x 2" 

3 /411 dia. 
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TABLE A. 4-1 (Cont'd. ) 

Run O/O Weight Change Sample 
No. 1st 5 th 6th 10th Size 

M82 -20 
22 
26 
27 
30 
34 
35 

M85 - 12 

M85B-1 
4 
7 

10 
13 
16 

M86- 7 
20 

M88- 1 
3 
5 
7 
9 

11 
13 
16 
17 
19 

M90- 5 

M91A-9 
M91C-9 

M92- 9 
12 

t .004 - 2 . 8  
- . 0 1  - 3.5 
- 1 . 3  - 8.7 
- 1.0 - 7. 8 - 1.2 -11.5 
- 1.0 -16.9 
- . 8  - 9.3 

- . 8  - 7.3 

t .1  t . 3  
t . 0 8  - 1.4 
t . 5  - . 8  
t . 4  t 1.0 
t . 2  - . 4  - . 6  - 3.0 

- 4.2 -23.7 
- 5.6 -30.0 

t . 9  t . 5  
+ . 8  t 1.5 
t 1.3 t 1.4 
t 1.3 t . 9  
+ . 8  + . 6  
- . 3  - . 5  
- 1.5 - 9.4 
t . 9  t . 2  
- . 0 1  - 2.7 - . 2  - 3.9 

- 1.3  -10.4 

-10.3 -48.5 
- 1.0 - 4.3 

- 1.0 - 9.2 
- 7.5 -13.5 

3 /4" dia. 

3/4" dia. 

3 /4It dia. 

3/4" dia. 

3/4" dia. 

3 /4It dia. 

A -69 



TABLE A. 4-1 (Cont'd. ) 

Run 70 Weight Change Sample 

No. 1 s t  5 th 6 th 10th Size 

M95A-17 
B -23 
C-29 

M96B-23 

M97A- 6 
B -24 
C-30 

M100- 7 
14 
19 
26 
32 

M101- 6 
11 

M103-11 
15 
19 

M106 -F06 
, 2 3  

M107-13 
15 
17 

M108- 1 
2 
3 

M105-F3 
F6  
F17  

- 6.3 
- 5.9 
- 7.0 

- 7.7 

-12.0 
- 9.5 
- 6.3  

- 3.0 
- 2.6  
- 2.1 
- 3.1 
- 2.6 

t 1.7 
t 1.3 

t 1.9 
t 2.0  
t 1. 8 

- 1.2 
t . 4  

t 1.4 
+ 1.9 
+ 1.3 

- .1 
- . 4  
- - 9  

- . 4  
- . 7  
- . 3  

t 3.3  

-26.2 
-23.5 
-25.1. 

-26.7 

-41.1 
-43.6 
-31.0 

-12.9 
-10.5 
- 9.7 
-12. 8 
-11.1 

t 2 . 0  
t . 7  

t 4.8 
t 1 . 0  
t 3.6 

- 8. 9 
- 4. 8 

t . 7  
t . 7  
- 1.6  

- 7.0 
- 7.5 
-11.5 

- 6.0 
- 6. 9 
- 3.1  

3 / 4" dia. 

3 /4It dia. 

3 / 4" dia. 

3 / 4" dia. 

3/4" dia. 

3 / 4" dia. 

3/4" dia. 

. 7  x 5" 

1 x 1" 

1 x 1" 

. 7  x 5" 

. . .  
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TABLE A. 4-1 (Cont'd. ) 

Run 70 Weight Change Sample 
No. 1st 5 th  6th 10th Size 

M109- 7 
10 
12 

M112- 3 
11 
14 
17 

M113- 1 
3 
6 
9 

M115 -4B 
8B 

12B 
16B 
20B 
24B 

- . 7  
t . 5  
t . 5  

- . 4  
- 1.1 
t . 3  - 1.0 

t . 4  
t 1.7  
t 1.1 
t 2.2 

t 1.1 
t 1.2 
t . 4  
t . 4  
t 1.2 
- .1  

- 8. 5 
- 2.9 
- 3.5 

- 2.9 
- 7.2 
- 1.2 
- 5.9 

t . 1  
t 1.7 
- .9 
t 3.3  

t .8 
t 1.4 - 1.7 
- 2.9 
t .8 
- 5.3  

3 / 4" dia . 

3/4" dia. 

3/4" dia. 

3/4" dia. 

A-7 I 
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TABLE A.4-2 

WEIGHT CHANGE DURING THERMAL CYCLE AT 2300'F 

70 Weight Change 
70 Wt. 

R un Gain in Sample 
No. 1st  5th Coating Size 

M116-3 t1 .0  t . 2  50. 5 3 /4" Dia. 
7 t 1 . 2  t 1 . 4  52. 7 
10 t 1 . 3  t1 .6  52.8 

M117-8 t 1 . 8  t2 .2  44.6 3 /,If Dia. 
12 t 1 . 7  t 1 . 7  41.6 

M118-5 
6 

t1 .8  
t 1 . 6  

t1 .9  
t .9 

42.8 
39.2 

3 / 4 " x  , / , , I  

t 1 . 9  
+3.0 

t 1 . 8  
t3 .0  

36. 3 
36 

3/4" Dia. 
3/4"  x 5 ' '  

M120-Bl 
3 

3/4"  x 5 I t  

3/4"  x 1/2" 
M121-8 

12 
+I.  7 
t1 .8  

t1 .0  
t 2 . 3  

33.7 
39.5 

3/4"  Dia.  
3 /4" Dia. 
3/4"  x 5" 
3/4"  x 5" 

M122-2 
5 
7 
10 

t 2 . 1  
t 1 . 9  
t l .  4 
t 1 . 4  

t 3 . 9  
t 3 . 4  
t 2 . 1  
t 2 . 1  

50.7 
47.1 
45.5 
45.6 

3/4"  Dia. 
3/4"  x 5" 

M123-1 
8 

t . 4  
t . 2  

-3.5 
-4.1 

18.8 
16.4 

-1.0 
-1.4 
- . 4  
- . 2  - . 8  

19.4 
21.1 
15.0 
23. 7 
13.0 

3 / 4 " x  5" 
3/4"  x 2 
3/4"  x 1 
3 /4"  x 3 
3 /4".x 2 

M124-1 
4 
7 
9 
10 

t 1 . 2  
t1 .4  
t 1 . 2  
t 1 . 0  
t . 1  

3 /4"  x 5 
1 I f  x 1 1/4'l 
1 " x  1 1/4"  

M125-4 
11 
12 

t 1 . 3  
t2 .9  
t 1 . 1  

t 1 . 1  
t 2 . 7  
t . 9  

34.1 
28. 7 
30.2 
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TABLE A.4-2 

WEIGHT CHANGE DURING THERMAL CYCLE AT 2300°F 

'$0 Weight Change 
% W t  

RWl Gain in Sample 
No. 1st  5th Coating Size 

M126-5 t .6  - . 7  27.8 3 / 4 " x  5" 
6 t . 5  - . 3  26.8 3/4"  x 4-5 
22 t 1 . 0  t 1 . 2  36.5 . 3/4" Dia. 
24 t1 .0  t .8 35.5 3/4"  Dia. 
25 t . 7  t . 6  32. 5 3/4"  x 2 
26 t .8 t . 3  35.5 3 /4"  x 2 ' I  

M128-5 - . 4  -2.5 31. 9 3/4"  x 5 
6 - . 3  -1.9 34.8 3/4." x 5 
17 -. 01 -1.6 40.2 3 /411 Dia. 
22 -. 02 -1.8 39.7 3/4"  Dia. 
25 -. 04 - . 3  36.7 3/4" x 5 
27 -. 03 -1.1 38. 1 3/4" x 5 

M129-5 t . 7  t . 6  38.8 3 /,I1 x 5" 
6 t . 6  t .06 36.7 3/4"  x 5" 
17 t .8 t . 8  37.8 3/4"  x 1 1 /2"  
18 t . 7  t . 2  37.6 3 / 4 " x  1 1/2"  

M130-18 t .8 t . 04  28.3 3/4"  x 5" 
19 t .8 - .09 25.9 3/4"  x 5" 
40 t 1 . 3  t 1 . 3  35.9 3/4" Dia. 
43 t 1 . 3  t 1 . 1  35.0 3/4"  Dia. 

M132-3 
6 
11 
14 
B3 
B8 
B 18 
B20 

t . 3  
t . 5  
t . 5  
t . 6  
t 1 . 1  
t 1 . 2  
t 1 . 3  
t 1 . 4  

- . 4  - . 3  - .os - . 03  
t . 2  
t . 4  
t1 .0  
t .8 

25.7 3 / 4 " x  5" 
25. 2 3/4"  x 5" 
29.9 3/4"  x 5" 
30.7 3/4"  x 5" 
37.2 3 /4" Dia. 
35.9 3/4"  Dia. 
38.9 3 /,I1 Dia. 
38.5 3/4"  Dia. 

M133-1 ( l / l / l )  t . 4  t .8 23.2 3 /4" x 5" 
6 t 1 . 1  t 1 . 3  25. 7 3 / 4 " x  5" 
B1 ( l / l / l )  t 1 .4  t1 .4  30. 3 3/4" Dia. 
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TABLE A.4-2 

WEIGHT CHANGE DURING THERMAL CYCLE AT 2300'F (Cont'd.) 

70 Weight Change 
70 Wt. 

R un Gain in Sample 
No. 1st  5th Coating Size 

M133-B6 t 1 . 4  t 1 . 4  26.0 3 /4" Dia. 

M136-3 ( l / l / l )  t e 8  - . 3  19.9 3 /4"  x 5 
7 t l .  0 t . 6  25.6 3/4"  x 5 
B3 ( l / l / l )  +1.2 t . 7  28.4 3 /4" Dia. 
B7 t l .  2 t . 6  29.4 3 /4" Dia. 

W 1-3 t . 6  - . 9  23.2 3 /4"  x 5" 

W2 -9 + . 7  - . 9  32.8 3/4"  x 5"  
x 1  + . 5  -1.2 33.3 3/4"  x 2 , / , I f  

x 2  + .5 -1.0 31. 1 3/4" x 2 1 / 2 "  
x 3  t .1 -1.2 32.6 3 / 4 " x  2 1/2"  

W3-2 
7 

- . 3  -3.8 30.9 3/4"  x 5" 
t .5 - . 3  37.1 3/4"  x 5" 

W4-2 - . 5  -7.5 7.0 3 /4"  x 5 "  

W5-2 t .04 -2.5 14.8 3 /4"  x 5" 

M142-1 t .5 - . 3  23.7 3/4"  x 5" 

w 7 - I  t . 6  - . 4  34.2 3/4"  x 5" 
3 t . 4  -1.9 23 3 /411 x 5" 
P1 t . 4  -1.7 33.8 3 / 4 " x  2 1/2"  

W8-1 t . 8  - . 7  33.6 3 / 4 " x  5" 
2 t . 4  -1.8 21.3 3 / 4 " x  5" 
4 t . 2  -2.3 27. 1 3/4"  x 5'' 

M163-3 4- . 4  - . 3  24.6 3/4"  x 5" 
7 f . 4  - . 4  25.6 3 / 4 " x  5" 
11 t . 7  - . 2  26. 1 3 / 4 " x  5" 
15 + . 4  - . 4  28. 1 3/4"  x 5" 
19 4- .5 - . 3  26.5 3 / 4 " x  5" 
23 4-1.3 - . 3  26.6 3 / 4 " x  5" 
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T A B L E  A . 4 - 2  

WEIGHT CHANGE DURING THERMAL CYCLE A T  2300°F (Cont'd. ) 

W (light Change 
% Wt. 
Gain in Sample R un 

No. 1st  5th Coating Size 

" 1 - 1  t . 2  - 1 . 4  17. 7 3/41! x 5 "  

M165-6  - 1 . 1  - 8 . 0  1 6 . 2  3 / 4 " x  5" 

M 1 6 6 - 4  t . 3  - .5 2 2 . 6  3 / 4 "  x 5"  

M 168 - 10 t . 4  t l . l  51.  1 314' '  x 5 
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TABLE A. 4-3 

W EIGI1T CIIANGE OF HEAT TREATE 1) SI'ECIMI<NS 
DURING THERMAL CYCLE A T  2300°F 

70 Weight Change 
HT 70 Wt.  

R un R un Gain in Sample 
No. No. 1st 5th Coating Size 

M125-9 

M126-9 
20 

M125-5 
M129-9F 
M130-5 

1 

19 
20 

8 
6 

M 129 - 10F 

M124-5 

M121-11 
M 120 -B3 
M130-17 

M132-1 
8 
B4 
B11 
B 16 
B24 

12 
13 
17 

M133-7 

M130-20 

M127 

M127 
M 127 

M13 1 

M134 

M134 

M135 
2 1  (3000'F 
27 
33 

M132-10 M135 
(3000'F 

- . 3  

- ..5 - - 6  

t . 2  
t . 4  - .05  
t .06 
t . 4  
t .6  
t . 5  - . 7  
-1.4 - e8 - . 4  
t 1 . 1  - . 3  

t .02  
t 2 . 5  
t . 2  
t . 3  
t . 2  
t . 1  
t .01 
t . 06  
t . 2  - - 0 6  

t .07 - e04 
f . 5  
t . 2  - - 0 6  

-3.6 

-4.7 
-5.2 

-1.7 
t .02 
-2.5 
-2.1 - . 1  - . 4  - . 5  
-7.2 
-9.2 
-8.1 
-2.5 
t - 9  
-3.3 

-2.6 
-2.1 
-2.7 
-3.1 
-4.3 
-4.3 
-3.3 
-3.4 
-5.4 
-4.8 

-1.6 
-2.5 
-2.1 
-3.3 
-2.3 

A-76 

37.9 

33.7 
35.2 

30.9 
45.8 
25.4 
27.6 
40.9 
40.4 
39.2 
21.2 
13.9 
17.4 
41.0 
40.8 
26.8 

27.6 
27.7 
38. 1 
35.9 
33.3 
33.6 
20.1 
26.2 
27. 1 
30. 1 

32. 1 
27.3 
21.9 
38.6 
27.4 

3/4" Dia. 

3/44!! Dia. 
3/4"  Dia. 

3/4"  x 5" 

3/4" x 5" 
3 / 4 " x  1 1/21! 
3 / 4 " x  1 1/2" 
3/4"  x 1" 
3 / 4 " x  1" 
3 / 4 " x  1" 
3/4" x 1/2" 

3/4"  x 5" 
3/4"  Dia. 

3 / 4 " x  5" 
3/4" x 5" 
3/4"  Dia. 

3/4It Dia. 
3/41! x 5" 
3/4" x 5" 
3 /4"  Dia. 
3/4"  Dia. 

3 / 4 " x  5" 
3/41' x 5" 
3/4"  Dia. 
3/4"  Dia. 
3/411 x 5 "  



TABLE A. 4-3 (cont 'd .  ) 

70 Weigh t  C h a n g e  
HT 70 Wt.  

R un R un G a i n  i n  Sample  
No. No. 1 st 5th Coating S i z e  

M132-15 M135 - . 01  -2.3 
B2 (3000'F) t . 3  -3.3 
B 10 

M138-F0-4 
5 
6 
7 

M138-4 

5 

7 
11 
B 12 

M137-2 
9 
12 
B9 

M142-3 
5 

M143-8 
9 
6 

M149-2 
9 

M150-7 

M136-10 

M146-13 

M156-2 
3 
5 
7 

t . 4  -2.5 

M141 -1.4 -8.6 
-1.1 -6.6 
-1.2 -7.6 
-1.0 -6.3 
-1.5 (-3.1) 

-1.3 (-4.2) 
2 cycles 

3 cycles 
-1.0 
-1.5 
-1.2 

M139 - . 5  - . 3  
t . 3  
-1.0 

M144 - . 1  - . 1  - . 1  
t .02 - . 3  

M151/ - . 5  
M159 - . 2  

M151/ - . 2  
M153 

M152 -2.6 

M151/153 t .07  

M157 - - 9  
-1.1 - .7 - . 6  

-- 
-9.3 
-9.2 

-5.2 
-4.0 
-1.6 
-8.4 

-1.2 
-3.5 

-2.4 
-3.2 
-4.6 
-3.1 

-3.7 

-- 

-14.4 

-1.5 

-5.8 
-6.8 
-5.1 
-4.6 
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31.2 
33.8 
35.9 

19. 7 
22.2 
19.7 
21.9 
17.4 

19.7 

23.2 
17.5 
30. 1 

20.8 
22.2 
18.9 
26.5 

32.7 
21.8 
26.9 
27.9 
24.2 
29.4 
29.5 

23.7 

21.8 

27.9 

31.4 
28.7 
31.3 
31.5 

3/4"  x 511 
3 / 4 "  Dia. 
3/4" Dia. 

3 /4"  x 5"  

3/4" Dia. 

3 /4"  x 5" 
3 / 4 " x  5" 
3 /4"  x 5" 
3 /4" Dia. 

3 /4"  x 5" 

3/4" x 5"  
3/4"  x 5" 
3 /4"  x 4 1/2" 

3 / 4 " x  2 1 / 2 "  

3 /4"  x 5" 

3 /4"  x 5" 

3/4" x 5" 

3/4" x 5" 



TABLE A. 4-3 (Cont'd. ) 

'$0 Weight Change 
HT '$0 Wt. 

R un R un Gain in  Sample 
NO No. 1st 5th Coating Size 

M158-3 

w9-3 
6 

M161-8 
9 
13 
14 

M163 -1 
5 
9 
13 
17 
2 1  

w 10-12 
13 

M166-7 

M68-12 

M169-2 

M159 

M 160 
M160 

M162 

M164 

M164 

w 1 3  
W 13 

M167 

M170 

M170 

-2.9 

- .004 
t . 0 5  

-2.1 
-1.8 
-1.7 
-1. 7 

-1. 6 
-1.5 
-1.2 
=l. 5 
01.4 
-1.3 

-1.4 
-1. 1 

- . 5  

- . 2  

-1.0 

-12.2 

-3.4 
-3.4 

-9.5 
-12.8 
-9.5 
-9.8 

-10.9 
-9.7 
-8.7 
-8.1 
-8.7 
-9.5 

-9.7 
- 0  

-3.7 

-1.1 

-6.3 

23.2 

42.3 
43.4 

22.8 
24.7 
27.6 
29.5 

24.5 
23.4 
26.2 
31. 1 
28.6 
25. 1 

34.5 
34.5 

29.8 

40.6 

28.3 

3/4"  x 5It  

3/4" x 5 ' '  
3/4"  x 5 "  

3/4" x 5 "  

3/4" x 5 "  

3/4" x 5"  

3/4" x 5"  

3/4" x 5" 
3/4"  x 5 "  

3/4" x 5 "  

3 / 4 " x  5 "  

3/4" x 5 "  

A-78 



TABLE A.4-4 

WEIGHT CHANGE DURING THERMAL CYCLE AT 2300'F 
FOR USED PACK MATERIALS 

70 Weight Change 
% Wt 

R U  Gain in  Sample 
No. 1st 5 th Coating Size 

M119-A 
B 

x1-x 

M152-1 
M 152( M 136 -9) 

M158-4 

7 
( M 1 5 9 HT ) 

(159HT) 

M161-16 
(M162 HT) 

S l - 2  
6 

8 
(M164HT) 

(M 164HT) 

s2-10 

S3-1 

S4-1 

- .7  - e 8  

t . 6  

-2.4 
-1.8 

-2.3 

-2.2 

-1.3 

- .05 
-1.1 

-1.7 

t . 01  

- . 0 1  

- . 3  

-8.3 
-9.2 

-1.7 

- 18 
9.8 

-11.8 

-11.0 

-8.2 

-2.8 
-6.2 

-9.4 

-2.1 

-2.0 

-3.5 

19.8 
19.8 

22.1 

8.7 
24.6 

14 

18.4 

29.9 

23/4 
36. 5 

26.7 

27. 1 

27.6 

24.4 

3/4"  Dia. 
3/4" Dia. 

3/4"  x 2.5" 

3/41! x 5" 
3/4" x 5" 

3/41! x 5" 

3 / 4 " x  5" 

3 / 4 " x  5" 

3 / 4 " x  5" 
3 / 4 " x  5" 

3/4"  x 5" 

3/4" x 5" 

3/4" x 5 "  

3/4" x 5" 

A-79 



TABLE A.4-5 

THERMAL TREATMENTS AFTER COATING APPLIED 

Thermal Trea tment  70 Weight Change 
The rmal 

Specimen Atmosphere Time/Temp T r eatme nt 1st 5 th 

M57-3 
7 

23 

N2 
1 hr/1600°F - 1.4 

- .15 
-1.64 
- .89  - . 1  -1.5 

t1 .6  1 hr/1600°F t - 8  M59-31 N2 
1 hr/1600°F t24 .0  t . 3  0 

O2 t20 .9  t . 0 4  - . 3  
M61-10 

12 
20 
22 

6 
8 

16 
18 
4 

24 

t . 3  t . 2  
- . 2  - . 02  

t . 2  
t . 2  - . 4  
- . 2  - . 0 1  
- 9 8  -1.3 
-1.0 t . 4  

- . 6  

t 2 0 . 1  
+ 2 3 . 9  
t 28 .1  t . 4  
t22 .3  
t15 .9  
t13 .7  
t26.5 
t l 7 . 0  - . 4  

1 hr/1600°F t 7- 6 - - 8  -1.7 
O2 t 7 . 0  - . 7  -1.7 

M62- 5 
10 
25 
30 
33 
36 
38 
40 
14 
15 

-1.0 
-7.4 

- e6 -1.6 
-1.0 

- . 5  -1.1 
-1.1 
-1.1 
t .5 

t10 .9  - . 6  
-28.3 -2.9 
t 7.6 
+lo.  8 - . 5  
t 1.4 
t18.8 - . 5  
t11.5 t . 06  
t 9.3 t . 9  

A-80 



APPENDIX B 

TES T SPECIMEN CONFIGURATION 

Tes t  specimens used in  the conduct of s ta t ic  and fatigue tes t s  
to es tabl ish design data a r e  shown in F igu res  B-1 through B - 9 .  
Configurations B - 1 ,  B - 2 ,  B-3, B - 5  and B-6 were  used in the S R I  
t e s t s  f rom -250°F through 3000OF. 
B - 7 ,  B-8 and B - 9  were  used by VMSC in s ta t ic  and fatigue testing. 

Configurations B-1, B-2, B - 4 ,  

B-1 
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318" 

FIGURE 8-3 AXIAL COMPRESSIVE SPECIMEN - CONFIGURATION 

LOADING- 
ARRANGEMENT 

0.40 

FIGURE 8-4 INTERLAMINAR SHEAR SPECIMEN CONFIGURATION 
(SHORT BEAM SHEAR) VMSC TESTS 

t 
1-318" 112" R 

0.625" 

FIGURE B-5 INTERLAMINAR SHEAR SPECIMEN CONFIGURATION 
(COMPRESSION/SHEAR) SRI TESTS 
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APPENDIX C 
PROTOTYPE LEADING EDGE TEST DATA 

Prototype leading edges were  tested to the cr i t ical  boost 
Pertinent p re s su re  condition and the entry temperature  conditions. 

data obtained f rom these tes ts  are  included in this appendix. Adiscussion 
of the tes ts  is provided in  section 7.2.2. 

Strain gage locations a r e  i l lustrated in  F igure  C-1, while 
output s t r e s s e s  a t  100% of limit load (2.6 ps i  burs t  p re s su re )  a r e  l isted 
in Table C-1. 
measured  s t ra in  using the following elastic moduli: 

The output is given in s t r e s s  which was converted f rom 

6 Tension Warp - 1.4 x 10 ps i  
Tensbn  Fill - 1.4 x lo6 ps i  
Compression Warp - 2.1 x 10 
Compression Fill - 1.5 x 10 6 p s i  

6 
ps i  

Temperature  t ime his tor ies  for  the entry temperature  tes t  
Locations of the thermocouples a r e  given in  F igu res  C-2 through C-7. 

are shown in F igure  7-26. 
elapsed t ime sca le  has  been shifted to correspond to T = 0 heing s t a r t  
of entry for correlat ion with F igure  7-27. 

Note on the temperature  plots that the 
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TABLE C-1. STRESS OUTPUTS 
BOOST PRESSURE TEST 

LIMIT LOAD ( 1 0 0 ~ 0 )  

CH 881 + 17.16 

CH 885 - 11.89 
CH 887 - 3@51 
OH @@9 - 357 
CH 011 + 7 
CH 813 - 1161 
CH 8-17 - 85 
CH 819 + 53 
CH 821 - 8 

CH 803 - 953 

CH 8.15 - 397 

PSI k - l  

PSI A-5 
P S I  H-7 
P S I  A-9 
PSI  A - 1 1  
PSI  H-19 
PSI A - 2 1  
P S I  A-23 
P S I  A-25 
PSI  A-27 

P S I  H-3 

CH 822 - 44 PSI T-28A 
CH 024 + 736 PSI T-29H 
CH 826 - 81 PSI T-38k  
CH ,828 + 368 PSI T-31H 
CH 838 - I PSI 1 - 3 2 A  
CH 832 + 132 PSI T-33H 
CH 834 - 35 PSI  T-34A 
CH 836 - 182 PSI  T-35k  

CH 682 + 3565 
CH 884 + 474 
CH 886 + 77 

CH 810 - 8 
CH 012 - 31 
CH 814 - 143 
CH 816 - 566 
CH 818 - 171 
CH 828 - 29 

CH 1388 - 1465 

P S I  k-2 
P S I  A-4 
P S I  A-6 
P S I  A-8 
P S I  k-18 
PSI  k- I2  
P S I  A-28 
PSI  H-22 
PSI A-24 
PSI  k-26 

CH 823 + 52 PSI  
CH 825 + 185 PSI 
CH 027 + 1157 PSI 
CH 029 + 67 PSI  
CH 031 + 23 PSI 
CH 033 + 51 PSI 
CH a35 - 3 PSI  
CH 837 + 183 P S I  

T-28B 
T-298 
T-38B 
T-318 
T-328 
T-338 
T-34B 
T-35B 

R-36B 

R-37e 

R-38e 

R-398 

R-48B 

R-41B 

( 1 )  
( 2 )  M-In = Milli-inches 

See Figure C - 1  for Strain Gage Location 
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